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ABSTRACT 
 
Surface plasmon resonance (SPR) has achieved widespread recognition as a 
sensitive, label-free, and versatile optical method for monitoring changes in refractive 
index at a metal-dielectric interface. Refractive index deviations of 10
-6
 RIU are 
resolvable using SPR, and the method can be used in real-time or ex-situ. Instruments 
based on carboxymethyl dextran coated SPR chips have achieved commercial success in 
biological detection, while SPR sensors can also be found in other fields as varied as 
food safety and gas sensing. 
Chapter 1 provides a physical background of SPR sensing. A brief history of the 
technology is presented, and publication data are included that demonstrate the large and 
growing interest in surface plasmons. Numerous applications of SPR sensors are listed 
to illustrate the broad appeal of the method. Surface plasmons (SPs) and surface plasmon 
polaritions (SPPs) are formally defined, and important parameters governing their spatial 
behavior are derived from Maxwell’s equations and appropriate boundary conditions. Physical 
requirements for exciting SPs with incident light are discussed, and SPR imaging is used to 
illustrate the operating principle of SPR-based detection. 
Angle-tunable surface enhanced infrared absorption (SEIRA) of polymer vibrational 
modes via grating-coupled SPR is demonstrated in Chapter 2. Over 10-fold enhancement of C-H 
stretching modes was found relative to the absorbance of the same film in the absence of 
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plasmon excitation. Modeling results are used to support and explain experimental observations. 
Improvements to the grating coupler SEIRA platform in Chapter 2 are explored in Chapters 3 
and 4. 
 Chapter 3 displays data for two sets of multipitch gratings: one set with broadly distributed 
resonances with the potential for multiband IR enhancement and the other with finely spaced, 
overlapping resonances to form a broadband IR enhancement device. Diffraction gratings having 
multiple periods were fabricated using a Lloyd’s mirror interferometer to perform multiple 
exposures at multiple angles before developing. Precise control of the resonance position is 
shown by locating three SPR dips at predetermined wavenumbers of 5000, 4000, and 3000 cm
-1
, 
respectively.  A set of three gratings, each having four closely spaced resonances is employed to 
show how the sensor response could be broadened.  The work in Chapter 3 shows potential for 
simultaneous enhancement of multiple vibrational modes; the multiband approach might find 
application for modes at disparate locations within the IR spectrum, while the broadband 
approach may allow concurrent probing of of broad single modes or clusters of narrow modes 
within a particular neighborhood of the spectrum. 
 Chapter 4 uses the rigorous coupled-wave analysis (RCWA) method to numerically explore 
another facet of the nanostructure-based tunability of grating-baed SPR sensing.  The work in 
this chapter illustrates how infrared signal enhancement could be tailored by through adjustment 
of the grating amplitude.  Modeled infrared reflection absorption (IRRAS) spectra and electric 
field distributions were generated for several nanostructured grating configurations. It was found 
that there exists a critical amplitude value for a given grating pitch where the plasmon response 
achieves a maximum. Amplitudes greater than this critical value produce a broader and 
attenuated plasmon peak, while smaller amplitudes produce a plasmon resonance that is not as 
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intense.  Field simulations show how amplitudes nearer the critical amplitude resulted in large 
increases in the electric field within an analyte film atop the sensor surface, and the relative 
strength of the increased field is predictable based on the appearance of the IRRAS spectra.  It is 
believed that these larger fields are the cause of observed enhanced absorption. 
Published reports pertaining to interactions of SPs with molecular resonance and to 
diffraction-based tracking of plasmons without a spectrometer are included in the Appendix to 
this thesis. In the first of the two reports, it is shown that plasmons coupling to dye molecular 
resonance can be quenched due to the effects of the high extinction coefficient of the dye. In the 
second report, the thickness of nanometer-scale SiO films on a gold-coated grating is evaluated 
by tracking the plasmon using a Bertrand lens and camera. Model results show close agreement 
with observations in both works. 
This work aims to show the versatility of SPR sensing in multiple applications. The 
inherent angle- and wavelength-tunability of plasmon responses is a distinct advantage for 
sensing phenomena over a wide range of conditions. SPR sensing is also highly dependent on the 
nanostructure at and near the metal-dielectric interface. The thickness of thin metal coatings, as 
well as the pitch, amplitude, and shape of metallic gratings all affect the behavior of SPPs in 
profound ways. Gratings provide an especially information-rich avenue for SPR sensing, as data 
is contained in multiple diffracted orders over a wide range of angles and wavelengths. 
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CHAPTER 1 
INTRODUCTION TO SURFACE PLASMON RESONANCE 
 
1.1 Surface plasmon resonance sensors in scientific research 
Surface plasmon resonance (SPR) has received considerable research attention as 
a means for sensitive, versatile, and label-free detection of binding and adsorption events 
at metal-dielectric interfaces in addition to characterizing thin films and nanostructures.  
Figure 1.1 graphically demonstrates the surging research interest in surface plasmon-
based technologies in recent years.  Several reviews and longer works regarding surface 
plasmon sensing technology are also available.[1-6] 
First observed as an anomaly in the spectrum of a gold-coated diffraction grating 
by Wood in 1902, surface plasmons (SPs) are oscillations of free electrons in a metal in 
contact with a dielectric. [7]  SPs can be excited by illumination with light under certain 
conditions.  While Wood was unable to explain the physical origins of the anomalous 
dark bands in his spectrum, Fano deduced that Wood’s observations were consistent 
with the excitation of electromagnetic waves on the metal grating surface.[8]  In the late 
1960’s, Kretschmann, Raether, and Otto demonstrated excitation of surface plasmons via 
prism-based attenuated total reflection configurations.[9, 10]   
Any reaction or adsorption event that sufficiently alters the effective refractive 
index near the metal surface can be detected by surface plasmon-based sensors.  This  
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Figure 1.1.  Number of publications with “Surface Plasmon” in the title from 1992 to 
2012.  From ISI Web of Knowledge. 
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versatility has led to use of such sensors in myriad applications in the decades following 
the work of Kretschmann, Raether, and Otto.  SPR-based sensors have been developed 
to detect pathogens [11, 12], toxins [13, 14], drugs [15], allergens [16], and hormones 
[17, 18] in foods, markers for prostate cancer [19], and pesticide residues [20-22] and 
other contaminants [23, 24] in environmental water samples.  While the above list is by 
no means exhaustive, it provides an appreciation for the broad research interest 
involving surface plasmons for sensing applications.   
 
1.2 Surface plasmons, surface plasmon polaritons, & surface plasmon resonance 
 Surface plasmons (SPs) are oscillations in the free electron density near a metal-
dielectric interface.[9, 10, 25]  When incident photons couple to the surface plasmon 
under certain conditions, surface-bound electromagnetic waves called surface plasmon 
polaritons (SPPs) can be excited.  The physical situation is illustrated in Figure 1.2.  
SPPs are transverse magnetic modes, meaning the magnetic field intensity vector is in 
the same plane as the metal-dielectric interface and perpendicular to the direction of 
propagation.[4]  Matching the frequency of the applied electric field to the natural 
frequency of the plasmon results in a resonant transfer of energy from the incident light 
to the plasmon electrons; this phenomenon is known as surface plasmon resonance 
(SPR).[25] 
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Figure 1.2.  Coordinate system and orientation of electric and magnetic fields and 
propagation of a surface plasmon polariton and typical magnetic field intensity 
distribution in the z-direction.  This example is for gold in contact with a dielectric with 
refractive index 1.328 at an excitation wavelength of 850 nm.[4] 
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1.3 Derivation of surface plasmon propagation constant from Maxwell’s equations 
 As electromagnetic waves, the magnetic and electric fields of SPPs propagating 
along the metal-dielectric interface in the x-direction can be described using the 
following wave equations: 
 ⃑   (
 
    
 
)    [ (            )]        (1.1) 
  ⃑   (
    
 
    
)    [ (            )]       (1.2)  
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Here the subscripts m and d refer to fields in the metal and dielectric, respectively, a 
subscript 0 implies a value at the metal-dielectric interface, i is the imaginary unit, k is 
the wavenumber, ω is the angular frequency, and t is time.  The fields must also satisfy 
Maxwell’s equations: 
    ⃑     
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       ⃑           (1.8) 
where the subscript j refers to the medium (metal or dielectric), c is the speed of light in 
a vacuum, and ϵ is the relative permittivity of the material.  These four equations are 
subject to four continuity boundary conditions at the interface: 
               (1.9) 
               (1.10) 
                   (1.11) 
                  (1.12) 
Solving equations 1.5-1.8 with the above boundary conditions yields the following 
relation for the surface plasmon propagation constant, kx: 
        
 
 
√
    
     
 
  
 
√
    
     
     (1.13) 
where λ is the wavelength of the incident light in vacuum, and the permittivities of both 
metal and dielectric are evaluated at that wavelength.  Equation 1.13 is also known as the 
dispersion relation, and the propagation constant is sometimes referred to as the surface 
plasmon wavevector.  The subscript SP will be used henceforth to mark the propagation 
constant as belonging to the surface plasmon. 
 The solution method described above relies on obtaining and solving an 
eigenvalue equation from the set of Maxwell’s equations and boundary conditions.  An 
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interesting observation regarding the polarization state of the incident light is a product 
of that analysis.  Briefly, no transverse electric bound-wave solutions exist for the 
corresponding eigenvalue equation.[3]    In order to excite surface plasmons, incident 
light must be tranverse magnetic, or p-polarized.   
 It is important to note that the relative permittivities of materials have both real 
and imaginary components (ϵ = ϵ’ + iϵ”); the surface plasmon propagation constant is 
also necessarily a complex number.  Under the approximation of lossless materials 
(imaginary component of the permittivity vanishes), a guided mode solution is possible 
only if the permittivities are of opposite sign and   
     
 .[6]  Because most dielectric 
materials have positive permittivities in the visible and near infrared regions of the 
electromagnetic spectrum, where most SPR sensing is performed, this imposes a 
requirement that the real part of the permittivity for metals used in SPR sensors must be 
negative.  Gold, silver, and aluminum, as shown in Figure 1.3, have the necessary 
properties to serve as the metal portion of SPR sensing platforms.[26, 27]  
 The surface plasmon propagation constant has units of inverse length and is a 
very important parameter for describing SPR.  It governs the conditions under which 
SPPs can be supported and also yields information about the strength and distribution of 
the associated electromagnetic fields.  A more thorough treatment of the derivation of 
the surface plasmon propagation constant, as well as a parallel approach using the 
Fresnel equations, appears in the Appendix of Raether’s 1988 work.[5] 
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Figure 1.3.  Real part of the complex permittivities of silver, aluminum, and gold plotted 
from 400-1000 nm.[26, 27]  
  
9 
 
1.4 Surface plasmon propagation length and penetration depth 
 The plasmon propagation constant is a complex number that contains a great deal 
of information characterizing the spatial behavior of SPPs.  Electromagnetic fields 
associated with SPPs achieve maximum amplitude at the metal surface itself, but it is 
useful to know how the fields decay in directions parallel and perpendicular to the wave 
propagation.  A propagation length and multiple penetration depths corresponding to 
these respective variations are explained below. 
 First, consider SPPs traveling on a metal-dielectric interface in the positive x-
direction.  In real systems, there will be some absorptive losses in the materials as the 
waves move along.  Mathematically, this is represented by nonzero imaginary parts of 
the permittivities of the materials.  Upon excitation of SPPs, some amount of energy is 
transferred from the incident light to the plasmon electrons.  The propagation length, L, 
is defined as the length, in the x direction, at which the plasmon energy has been 
attenuated to a fraction of 1/e (~37%) of its original value.  The value of L is given by 
equation 1.14, and sample calculated propagation lengths for aluminum-, gold- and 
silver-air interfaces are plotted in Figure 1.4. 
   
 
    [   ]
         (1.14) 
 Penetration depths for the SPP electric and magnetic fields into both the metal 
and dielectric media can also be calculated using the propagation constant.  These 
characteristic z-direction decay lengths are for the portion of the SPP electric field  
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Figure 1.4.  Calculated propagation length, L, for various metal-air interfaces for 
wavelengths from 400 to 1000 nm.   
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pointing in the z-direction and its associated magnetic field in the y-direction, as 
illustrated in Figure 1.2.  Both components can be normalized to the appropriate field 
strength at the interface as follows: 
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    [ √   
  (
  
 
)
 
    ]    (1.15) 
where the subscript j again refers to the medium (either metal or dielectric).  Upon 
substitution of Equation 1.13 into 1.15 and some rearranging, an alternative relation can 
be obtained:  
 
   ( )
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 √     
 ]      (1.16) 
A characteristic length, called the penetration or skin depth, zp, is then defined as the z-
value for which the normalized fields have decayed to 1/e of the surface magnitude: 
      {
  √     
      
}        (1.17) 
Values for both air- and metal-side penetration depths are shown for silver, aluminum, 
and gold in Figure 1.5.  Typical dielectric-side penetration depths in the visible and near 
IR regions of the spectrum are on the order of hundreds of nm, while penetration into the 
metal is limited to several tens of nm.  Physically, this means that changes in the 
refractive index (equal to ϵ1/2 for nonmagnetic materials) on the dielectric side can be 
detected by SPR sensors within this length scale.  At a distance of 5 penetration depths, 
the electromagnetic fields have decreased to less than 1% of the surface strength. 
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Figure 1.5. Air (A) and metal (B) side penetration depths for silver, aluminum, and 
gold-based SPR sensors. 
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1.5 Coupling methods for surface plasmon resonance 
 It has already been noted that surface plasmons can only be excited by tranverse 
magnetic (p-polarized) light; in addition, only certain metals have the necessary optical 
properties to support SPR.  There exists one final condition that must be satisfied for 
SPR to occur.   SPR is achieved when the SP propagation constant, and thus the SPP 
momentum, matches that of the incident light.  Typically, photons in air have less 
momentum than is required for SP excitation, so a coupling device is employed to 
supply the difference.  Kretschmann and Otto independently developed prism couplers 
for this purpose in the 1960’s [9, 10].  Diffraction gratings and waveguides also allow 
coupling of light to SPs.[4]  A visual summary of prism, grating, and waveguide 
couplers is presented in Figure 1.6. 
 Prism-based couplers are the most commonly employed coupling configuration 
used today.[4]  The wave vector matching condition for prism-coupled excitation of 
SPPs is shown in Equation 1.18. 
 
  
 
         {   }       (1.18) 
The refractive index of the prism is denoted np, while θ is the incident angle defined 
relative to the surface normal.  There are two prism coupling configurations in common 
use: in the Kretschmann configuration, a metal film of appropriate thickness is deposited 
on base of the prism, while in the Otto configuration, the metal film and its support are 
separated from the prism by a small gap.[9, 10]  In both configurations, the incident light  
14 
 
 
 
Figure 1.6. Three coupling methods for exciting SPPs, including A) prism coupler in 
Kretschmann configuration, B) grating coupler used in reflection, and C) waveguide 
coupler in end fire configuration.[4] 
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undergoes total internal reflection at the base of the prism, yielding an evanescent wave 
that penetrates the thin metal film and couples to a plasmon on the metal-dielectric 
interface opposite the prism.  Because the evanescent wave must reach the far side of the 
metal film, precise control of the metal thickness is a requirement for sensing with prism 
couplers. 
 Metal-coated diffraction grating couplers provide a second method to excite 
plasmons and were the platform on which surface plasmons were first observed over a 
century ago.[7]  Optical responses from grating-coupled sensors can be much more 
complex and information-rich than those from prism-coupled sensors,[28] as multiple 
diffracted orders each excite plasmons based on the following matching condition: 
 
  
 
        
  
 
    {   }      (1.19) 
Figure 1.6 B illustrates a diffraction coupler in reflection.  Here nd is the refractive index 
of the dielectric, m is the diffracted order (0, ±1, ±2. . .), and Λ is the grating pitch.  
While not as sensitive to changes at the metal surface as prism couplers, grating couplers 
do enjoy several practical advantages.  First, if used in reflection, precise control of the 
metal film thickness is unnecessary past opacity, and the optical quality of the 
underlying grating material is of no importance.  Gratings can be inexpensively mass 
produced via injection molding of plastics, and commercially available compact disks 
(CDs) and digital versatile disks (DVDs) can be readily modified into grating 
couplers.[29, 30]  Prism-coupled SPR set-ups sometimes require refractive index 
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matching fluid, while grating couplers need no such fluids, lending diffraction gratings 
to clean experiments. 
 Optical waveguides offer a third method of SP-light coupling.  Like the prism 
couplers discussed earlier, waveguide couplers make use of an evanescent wave 
produced via total internal reflection to excite SPs in a nearby metal film.  Although an 
end fire configuration is shown in Figure 1.6 C, any geometry that results in waves 
hitting the guide boundary at or above the critical angle for total internal reflection will 
suffice.  Waveguide-coupled SPR sensors can be made of inexpensive materials as well, 
providing an advantage over some prism coupler-based systems.  SP coupling by 
waveguides is achieved when the real component of  the surface plasmon propagation 
constant matches that of the guided mode, as shown in Equation 1.20.[4] 
         {   }        (1.20) 
 Another method for surface plasmon coupling is through the use of metal 
nanoparticles.[31]  Tiny particles of varying geometries can support surface plasmons on 
their exteriors; because the plasmons are restricted from propagating due to the small 
size of the nanoparticles, this phenomenon is termed “localized surface plasmon 
resonance” or LSPR.  LSPR forms the basis for the large signal enhancement effects 
seen in surface enhanced Raman spectroscopy (SERS).[32]  There exists no general SPR 
matching condition for nanoparticle coupling, as the conditions depend on the size and 
shape of the individual particles.    Based on these particle characteristics, several 
interesting optical phenomena can occur.  Perhaps the most famous example of this is 
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the Roman Lycurgus Cup (Figure 1.7), a drinking vessel made of glass embedded with 
gold and silver nanoparticles that looks red in transmission but green in reflection.[33]  
While nanoparticle SPR coupling is very useful for sensing applications, and is in theory 
limited only by the nanostructures one can produce, the techniques for nanoparticle 
fabrication are generally not as reproducible as the technologies involved in making 
other couplers 
  
1.6 Surface plasmon resonance imaging 
 SPR imaging was first introduced by Knoll et al. in the late 1980’s for the study 
of monolayers on metal surfaces.[34, 35] In SPR imaging, a CCD camera is often used 
to capture light reflected off the SPR substrate and focused using appropriate lenses.[36, 
37]  The technique allows for the concurrent measurement of multiple binding events 
combined with the sensitivity and label-free advantages of SPR-based sensors.  Label-
free imaging is advantageous due to the expense of fluorescent or radioactive tags and 
also to avoid altering the behavior of the labeled species.[38]  To date, SPR imaging has 
been used for simultaneous detection of DNA and proteins as well as cancer 
biomarkers.[39, 40]  SPR imaging also demonstrates great potential for carbohydrate 
microarray studies, as carbohydrate-protein interactions have been probed via this 
method by several groups in bulk film, channel, and array formats.[41-44]   
 Figure 1.8 can be applied to demonstrate the operating principle of SPR imaging.  
Images are typically collected at a single wavelength or using a narrow band of  
18 
 
 
Figure 1.7. A) The Lycurgus Cup appears green in reflection and red in transmission 
due to localized surface plasmon resonance (LSPR).  B) TEM image of a silver/gold 
alloy nanoparticle in the glass of the cup.[33] 
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wavelengths.  The signal collected is the ratio of reflected p-polarized light to that of s-
polarized light at a constant angle.  Under p-polarization, some of the light goes to 
inducing SPR, producing a minimum in the reflectance spectrum where this conversion 
occurs. The presence of an additional analyte (or increased thickness of an already 
present analyte film) near the surface alters the effective refractive index and thus the 
SPR matching condition.   For a given incident angle, this change appears as a redshift in 
the plasmon response.  On a two-dimensional surface, areas without the additional 
bound analyte will not experience this redshift in SP excitation conditions.  Thus, if 
imaging is performed at a wavelength to the blue of the original resonance location, 
areas of more analyte binding will appear brighter than those with lower analyte 
coverage.  The reverse is true for images acquired at wavelengths longer than the 
original resonant wavelength. 
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Figure 1.8.  A) Reflectance (p/s) spectra at 45
o
 incidence for a 50 nm thick silver film in 
the Kretschmann configuration using a BK7 prism.  The presence of a 2 nm tin dioxide 
film results in a redshift of the plasmon response and a corresponding reflectance 
difference at each wavelength that can be measured via SPR imaging.  B) Sample SPR 
image,[29] showing different film thicknesses manifest as different reflectance values. 
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CHAPTER 2 
ANGLE-TUNABLE ENHANCED INFRARED REFLECTION ABSORPTION 
SPECTROSCOPY VIA GRATING-COUPLED SURFACE PLASMON 
RESONANCE 
Joseph W. Petefish and Andrew C. Hillier 
Analytical Chemistry, 2014, 86 (5), pp 2610-2617 
2.1 Abstract 
Surface enhanced infrared absorption (SEIRA) spectroscopy is an attractive method 
for increasing the prominence of vibrational modes in infrared spectroscopy. To date, the 
majority of reports associated with SEIRA utilize localized surface plasmon resonance 
from metal nanoparticles to enhance electromagnetic fields in the region of analytes. 
Limited work has been performed using propagating surface plasmons as a method for 
SEIRA excitation. In this report, we demonstrate angle-tunable enhancement of 
vibrational stretching modes associated with a thin poly(methyl methacrylate) (PMMA) 
film that is coupled to a silver-coated diffraction grating. Gratings are fabricated using 
laser interference lithography to achieve precise surface periodicities, which can be used 
to generate surface plasmons that overlap with specific vibrational modes in the polymer 
film. Infrared reflection absorption spectra are presented for both bare silver and 
PMMA-coated silver gratings at a range of angles and polarization states. In addition, 
spectra were obtained with the grating direction oriented perpendicular and parallel to 
the infrared source in order to isolate plasmon enhancement effects. Optical simulations 
using the rigorous coupled-wave analysis method were used to identify the origin of the 
plasmon-induced enhancement. Angle-dependent absorption measurements achieved 
signal enhancements of more than 10-times the signal in the absence of the plasmon.  
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2.2 Introduction 
Surface plasmon resonance (SPR) is well established as a versatile, sensitive, and 
label-free optical sensing method that can be used to monitor binding events at surfaces 
and characterize thin films. An overview of SPR and other sensors based on evanescent 
electromagnetic waves can be found in several review articles and books.[1-6] While 
many plasmonic applications use prisms in the Kreschmann configuration to couple 
incident photons to surface plasmons,[7] diffraction gratings can also be used as SPR 
sensing platforms.[3] Although grating coupler-based SPR sensors are typically less 
sensitive than prism coupled sensors,[8] diffraction gratings exhibit a variety of other 
advantages. In reflection measurements, for example, precise control of the metal film 
thickness, which is necessary for prism coupling, is not required for gratings. Gratings 
also provide additional control and flexibility. One can tune the location of the plasmon 
resonance by selection of the grating pitch or also by real-time adjustment of the incident 
angle.[3, 9] In addition, gratings are an information rich sensing platform in that one can 
excite several surface plasmons simultaneously through the multiple diffracted orders 
emerging from a diffraction grating.[10, 11] Gratings are also a very cost-effective 
platform. They can be fabricated by injection molding of plastics or produced by optical 
lithography. Effective grating couplers have been fabricated from such commonplace 
sources as compact disks (CDs) and digital versatile disks (DVDs).[12-14] Diffraction 
gratings also lend themselves to clean experiments, as no refractive index matching fluid 
is needed as typical in prism-coupled configurations. 
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While a great deal of SPR sensor research has focused on the visible and near 
infrared portions of the spectrum, the infrared spectral region has also seen interesting 
implementations of SPR. Prism-coupled SPR sensors in the mid IR have taken 
advantage of the long plasmon decay lengths in that region to monitor larger structures, 
such as the interior of living cells.[15, 16] IR spectrometers have been modified to allow 
for variable angle, prism-coupled SPR reflectance experiments.[17] Improved 
performance at infrared frequencies due to a sharper resonance curve has also been 
demonstrated for enhanced detection sensitivity and imaging at these conditions.[18, 19]  
Infrared reflection-absorption spectroscopy (IRRAS) is a popular technique used to 
characterize thin films and has been widely used to deduce the structure and composition 
of ultrathin monolayer and polymer films.[20-22] The fact that film thickness and 
coverage are commonly determined by SPR makes it a nice complement to IRRAS 
measurements. Indeed, in a previous publication, we demonstrated how SPR and IRRAS 
can be combined to allow for simultaneous thickness and compositional characterization 
of alkanethiolate monolayers.[9]  
Another compelling analytical application of plasmonic sensing involves the 
coupling of SPR with molecular resonances. Several publications have focused on the 
interaction of SPR with molecular resonances in the visible spectrum.[23-27] At infrared 
frequencies, a technique entitled surface enhanced infrared absorption (SEIRA) has been 
demonstrated in which localized SPR (LSPR) from metal island films and other metallic 
nanostructures has been exploited to enhance the signal associated with vibrational 
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spectroscopy.[28-32] Several LSPR-based schemes have been used for SEIRA, 
including various configurations of metal nanoparticles,[33] nanoantennae,[34, 35] split 
ring resonators,[36] and nanoshells.[37] Recently, a strip grating coated with a thin gold 
layer atop a CaF2 substrate was utilized to enhance absorption of the C=O stretching 
vibration in poly(methyl methacrylate) (PMMA).[38] This was one of the few 
experimental examples of SEIRA that made use of propagating surface plasmons instead 
of LSPR. A distinct advantage of propagating surface plasmons based upon grating 
couplers for SEIRA is that gratings provide the ability to directly tune the plasmonic 
response through manipulation of the excitation angle.  
In this work, we exploit the inherent angle-tunability of diffraction grating couplers 
to explore the interactions of surface plasmon polaritons (SPPs) with infrared vibrational 
modes in PMMA films. Laser interference lithography is used to fabricate sinusoidal 
grating couplers with precise control of the grating pitch. Incident angle is varied to 
manipulate the SPR response to desired locations within the IR spectrum. We present 
IRRAS spectra obtained using silver-coated gratings as substrates for poly(methyl 
methacrylate) (PMMA) films at a range of incident angles. Experimental data show 
plasmon-enhanced infrared absorption resulting from interactions of SPPs with C-H and 
C=O vibrational modes. Modeling results aid in the characterization of the 
experimentally observed behavior of grating coupler-PMMA samples and to assist in 
elucidating the origins of this signal enhancement. 
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2.3 Experimental Section 
Materials and Reagents 
Toluene and glass microscope slides were obtained from Fisher (Waltham, MA). 
Poly(methyl methacrylate) (PMMA, 120,000 MW) was purchased from Aldrich (St. 
Louis, MO). Silver wire (99.995%) and tungsten wire baskets for evaporation were from 
Ted Pella (Redding, CA). Microposit S1813 Positive photoresist and Microposit 352 
developer were obtained from Rohm and Haas Electronic Materials LLC (Philadephia, 
PA). UV curable optical adhesive (NOA 81, Norland ) and polydimethylsiloxane 
silicone elastomer kit (SYLGARD 184, Dow Corning, Midland, MI), were used as 
received. Deionized water with electrical resistivity exceeding 18 MΩ·cm was used for 
cleaning and rinsing of samples (NANOPure, Barnstead, Dubuque, IA). 
Grating Fabrication 
Nanostructured diffraction gratings of specific pitch values were fabricated on glass 
slides using laser-interference lithography (LIL) in a Lloyd’s mirror configuration.[39-
41] Briefly, a positive photoresist was coated onto clean glass slides at 4,000 RPM for 
60 s using a model WS-650MZ-23NPP spin coater (Laurell Technology Corp., North 
Wales, PA). Samples were post-baked at 90
o
C for one minute and then cooled with air to 
room temperature. A custom built Lloyd’s mirror apparatus, as shown in Scheme 2.1, 
was employed in conjunction with a 405 nm diode (Oxxius, Lannion, France) or 532 nm 
YAG (Coherent, Santa Clara, CA) laser to expose a sinusoidal interference pattern into 
the photoresist layer. Average grating pitch was controlled by adjusting the angle of the  
30 
 
 
Scheme 2.1. Lloyd’s mirror interferometer apparatus, showing laser source, objective 
lens, pinhole, and rotatable sample stage. 
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Lloyd’s mirror. After developing the photoresist, the grating surface was rinsed with DI 
water and dried in a stream of nitrogen gas. The pitch was then determined by measuring 
the vertical displacement of transmitted diffracted orders of a 632 nm laser beam over a 
lateral distance of 6 feet. Once the desired pitch was obtained through tuning of the 
Lloyd’s mirror apparatus, a silicone elastomer kit (Sylgard 184, Dow Corning, Midland, 
MI) was used to transfer the LIL grating topology to a PDMS master. Several replicas of 
each grating were fabricated from each PDMS master by sandwiching a drop of UV-
curable polymer (NOA 81, Norland Products, Inc., Cranbury, NJ) between the PDMS 
surface and a clean glass slide and exposing with a UV lamp for 20 minutes. The 
gratings on the glass slides released cleanly from the PDMS, which allowed the same 
nanostructure to be reproduced several times without noticeable degradation of the 
structure. A 160 nm coating of silver was then deposited at a rate of 1-1.5 Å/s on the 
grating by thermal evaporation (Denton Benchtop Turbo III, Denton Vacuum, LLC, 
Moorestown, NJ). Silver film thickness was monitored in-situ using a quartz crystal 
resonator. The grating fabrication process is illustrated in Scheme 2.2. 
Scanning Electron Microscopy (SEM) 
 A Quanta 250 field emission SEM (FEI, Hillsboro, OR) was used to collect 
scanning electron micrographs normal to the grating surface and in cross-section. Cross-
sectional images were acquired by scoring samples with a scribe and then immersing in 
liquid nitrogen for 5 minutes before fracturing. Sample surfaces were then sputter-coated  
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Scheme 2.2. Grating fabrication process. Glass slides are coated with photoresist and 
then exposed using Lloyd’s Mirror interferometer. After developing of resist, grating 
structure is transferred to a PDMS master, which is then used as a template to make 
several replicas in UV-curable polymer on glass. Grating replicas are then sequentially 
coated with ~160 nm of silver via thermal evaporation and PMMA via spin coating. 
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with 2-5 nm of iridium before imaging. Images were collected at high vacuum using an 
Everhart-Thornley secondary electron detector. 
Atomic Force Microscope (AFM) Imaging 
A Dimension 3100 scanning probe microscope with Nanoscope IV controller (Veeco 
Metrology, LLC, Santa Barbara, CA) was utilized to obtain height profiles of the grating 
surface. Imaging was conducted in tapping mode using silicon TESP7 AFM tips (Veeco 
Metrology, LLC, Santa Barbara, CA) with a spring constant of ~79 N/m and resonance 
frequency of ~ 258 kHz. 
Spin Coating of Thin Polymer Films 
Polymer films of thicknesses ranging from 30 to 300 nm were spun onto silver-
coated gratings. PMMA was dissolved overnight in toluene at 2 wt%. Initial tests were 
performed to determine spin speeds resulting in the desired PMMA thickness for each 
grating. After spinning, the samples were placed in a vacuum chamber evacuated to -10 
psig for several hours or overnight to remove any remaining solvent. Polymer film 
thicknesses were confirmed with a combination of atomic force microscopy and cross-
sectional SEM. 
Infrared Reflection Absorption Spectroscopy (IRRAS) 
IRRAS spectra were collected using a Fourier transform infrared spectrometer 
(FTIR) (Nicolet MAGNA 750, Thermo Scientific) equipped with a specular reflectance 
accessory (Pike Vee-Max II, Pike Technologies, Madison, WI). The reflectance 
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accessory allowed for spectra to be obtained at a range of incident angles between 55
o
 
and 80
o
 and under both s- and p-polarized illumination. Spectra were measured for 
PMMA-coated and uncoated gratings relative to a flat silver mirror at the same incident 
angle and polarization. Gratings were also rotated in-plane to acquire spectra with the 
grating direction both perpendicular and parallel to the incident light.  
Method for Calculating SPR-Enhancement of Vibrational Modes 
The magnitude of the plasmon-enhancement of vibrational modes was considered by 
comparing the size of the vibrational peaks in the presence of the plasmon relative to the 
p-polarized absorption of the same film with the grating direction aligned parallel to the 
source light (no plasmon excitation). We collected the peak heights at 2994, 2950, and 
1739 cm
-1
 relative to a horizontal baseline for each spectrum. For each sample and 
incident angle, the height for the perpendicular spectrum (plasmon enhanced) was 
divided by that of the parallel spectrum (no plasmon). The increase in signal due to 
enhancement was then expressed as an enhancement factor, defined as a multiple of the 
unenhanced absorption signal.  
Optical Modeling 
The rigorously coupled wave analysis (RCWA) method was used to simulate the 
optical response of the sample gratings, as described previously.[42-44] A custom-built 
code was written in Matlab to perform the modeling. Diffraction efficiencies were 
computed for multiple orders of reflected light using both transverse magnetic (TM) and 
transverse electric (TE) incident light as a function of wavelength and angle of 
35 
 
incidence. The grating geometry was approximated based upon fitting AFM images of 
the grating surface and SEM cross-sections of the layer structure. RCWA simulations 
were performed at a given incident angle using a 5 nm wavelength step and a 5 nm layer 
thickness; optical constants for silver and PMMA were from the literature[45] and our 
measurements, respectively. 
 
2.4 Results and Discussion 
 The pitch of the fabricated gratings was controlled by tuning the angle of the Lloyd’s 
mirror interferometer. Target pitch values were calculated using the SPR matching 
condition for grating-based coupling: 
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where λ is the wavelength, nd is the refractive index of the dielectric medium, θ is the 
incident angle relative to the grating surface normal, m is the diffracted order, Λ is the 
grating pitch, and ϵd and ϵm are the permittivities of the dielectric and metal, 
respectively.[3] For a metal-air interface at infrared frequencies, the permittivity of the 
metal is much larger than that of air, and the matching condition simplifies to Eq 2.2 
below. 
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Using this relation (Eq 2.2), target pitch values of ~1700 nm and 3000 nm were 
determined by equating the -1 diffracted order to the respective locations of the C-H and 
C=O stretching modes in PMMA (2950 cm
-1
, 2994 cm
-1 
and 1739 cm
-1
). These locations 
were chosen in order to overlap the surface plasmon with that of the vibrational modes 
of the PMMA. 
 The grating amplitude was impacted by the laser exposure dose and subsequent 
photoresist development time. Insufficient laser exposure and development time resulted 
in small grating amplitudes with weak diffraction efficiencies, while excess exposure 
dose and/or development time often resulted in complete removal of the photoresist 
layer. Typical exposures were ~5 s for the 405 nm laser, which translates to a dose of ~ 
30 mW s cm
-2
 at a power level of 30 mW and a exposure area of ~5 cm
2
.  
 Imaging with SEM and AFM combined with optical diffraction were used to 
determine the dimensions of the gratings and to measure the thickness and uniformity of 
the silver and PMMA coatings. Figure 2.1 A depicts a typical cross-sectional SEM 
image of a completed sample. The image shows a multilayer structure consisting of a 
UV-curable polymer substrate, a silver film, and a PMMA layer. The three different 
layers are noted in the image, as well as the sinusoidal surface profile that is achieved 
with laser lithography. AFM profiles of the upper grating surface of the two different 
sized gratings confirm pitch values of 1710 nm and 3025 nm (Figure 2.1 B and C). SEM 
images acquired in plan view show that the top grating surfaces exhibit uniform ordering 
of grating ridges over large length scales (Figure 2S1, Supporting Information).  
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Figure 2.1. A) Scanning electron micrograph showing silver coated grating with 
PMMA overlayer. Atomic force microscopy height profiles of B) ~1710 nm pitch 
grating and C) ~3025 nm pitch grating. 
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IRRAS (p-polarized) spectra for both the 1710 nm (Figure 2.2cA) and 3025 nm 
(Figure 2.2 B) pitch gratings with just the silver coatings exhibit a distinct and very large 
absorbance associated with the excitation of a surface plasmon.[9] For both gratings, the 
plasmon is excited by coupling incident light to the -1 diffracted order (Eq 2.2). For the 
1710 nm pitch grating, this absorbance appears in the neighborhood of 3000 cm
-1
 
(Figure 2.1 B) and at 1700 cm
-1
 for the 3025 nm pitch grating (Figure 2.2 B). Both sets 
of spectra shift to larger wavenumbers with decreasing incident angle, as expected by 
angle-dependence of the SPR matching condition.[3] Adjusting the location of the 
plasmon within a range of wavelengths can be done by making gratings of varying pitch 
as reported elsewhere,[38] or by variation of the angle of incidence. Notably, an angle-
based tuning approach allows a wide range of wavenumbers to be interrogated with one 
grating sample. The ability to easily produce gratings of a given pitch combined with the 
angle-tunable response of each grating allows measurements to be performed over large 
expanses of the infrared spectrum. 
SEIRA using metal nanoparticles has been previously shown to occur when SPR is 
excited in the same spectral region as a molecular vibration.[28, 29] In this mode of 
SEIRA, the size of the nanoparticles is used to dictate the location of the SPR response. 
Using the grating-coupled method described here, we can change the incident angle to 
manipulate the location of the SPR maximum to allow a precise overlay of the SPR 
response and vibrational modes. We have chosen to investigate this phenomena using a 
PMMA film, which shows strong vibrational features associated with C-H and C=O 
moieties, and can be readily coated to a controlled thickness via spin coating. 
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Figure 2.2. IRRAS spectra (p-polarized) obtained perpendicular to grating direction 
for silver-coated gratings of A) ~1710 nm pitch and B) ~3025 nm pitch as a function of 
angle of incidence. 
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The optical properties of PMMA in the infrared region have been previously 
reported.[46] For our purposes, these were also measured. The infrared absorbance 
spectrum of a PMMA film was used to determine the optical constants of PMMA 
(Figure 2.S2, Supporting Information). Kramers-Kronig analysis[47, 48] was then 
applied to compute the complex refractive index (n and k) of PMMA over a range of 
wavenumbers from 3500 cm
-1
 to 1500 cm
-1
. The results of this calculation provide the 
refractive index n (Figure 2.3 A) and extinction coefficient k (Figure 2.3 B) for PMMA. 
The vibrational signatures associated with the C-H and C=O modes are evident in both 
the refractive index and the extinction coefficient. The extinction coefficient k attains a 
maximum value of 0.42 at 1739 cm
-1
, corresponding to the C=O stretching peak. C-H 
stretching modes exhibit two absorption peaks at 2950 and 2994 cm
-1
, with k-values of 
.041 and 0.023, respectively. As expected, the refractive index n undergoes inflections at 
both of these spectral regions.  
Infrared measurements were then taken of PMMA-coated gratings under various 
experimental configurations. Fig. 4 illustrates IRRAS measurements for the 1710 nm 
pitch grating following deposition of a 300 nm PMMA film. The data reflects 
measurements at several different grating orientations, light polarization states, and 
angles of incidence. For all experimental configurations in this work, the reference blank 
was a flat silver mirror measured at the same angle of incidence and polarization. Figure 
2.4 A depicts three different curves corresponding to different forms of the IRRAS 
measurement for a PMMA-coated grating, including (i) p-polarized light with the 
grating direction perpendicular to the light path, (ii) p-polarized light with the grating  
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Figure 2.3. Real (A) and imaginary (B) parts of the complex refractive index of 
PMMA from 3500 cm
-1
 to 1500 cm
-1
. C-H and C=O stretching vibration  labeled in B. 
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Figure 2.4. A) IRRAS spectra at 65
o
 incidence for grating with (i) p-polarized light 
and perpendicular alignment, (ii) p-polarized light and parallel alignment, and (iii) s-
polarized light and perpendicular alignment. B) Offset p-polarized IRRAS spectra versus 
angle of incidence. All data obtained for 1710 nm pitch grating with 160 nm Ag and 300 
nm PMMA overlayer. Dashed vertical lines in B correspond to C-H stretching peaks.  
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direction parallel to the light path, and (iii) s-polarized light with the grating direction 
perpendicular to the light path. In all three cases, a signal associated with the primary C-
H vibrational modes is observed. However, the magnitude of these peaks varies 
considerably between the three measurements. Notably, the surface plasmon appears 
only with the light perpendicular to the grating direction using p-polarized light (profile 
i). Under this orientation, in addition to the strong feature associated with the surface 
plasmon, a marked enhancement of both C-H vibrational modes is observed. The 
plasmon can be removed by using s-polarized light at this same orientation, or by using 
p-polarized light with the grating rotated by 90
o
 so that the grating grooves are parallel to 
the incident radiation. For s-polarized light in the perpendicular orientation (profile iii), a 
very weak absorption signal for the PMMA C-H stretching modes is observed. A 
marginally stronger signal is observed with p-polarized light in the parallel orientation. 
Therefore, it is clear that the enhancement in the vibrational signals is associated with 
the presence of the surface plasmon for (profile i). 
Figure 2.4 B contains a full set of spectra obtained for incident angles between 55
o
 
and 80
o
 under p-polarized light oriented perpendicular to the grating direction. The large 
absorbance associated with the surface plasmon is evident in all of these images. 
Notably, as the plasmon changes position with variation in the incident angle, the two 
peaks associated with the C-H stretching vibrations are enhanced by varying degrees. 
The most intense enhancement occurs at ~65
o
 where, presumably, there is the strongest 
overlap between the surface plasmon and the vibrational modes. Dashed vertical lines 
are included in the figure at the two C-H stretching peaks (2994 and 2950 cm
-1
) to guide 
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the eye. If one compares the angle-dependent result for the perpendicular orientation to 
that of p-polarized light in the parallel orientation where there is no surface plasmon, 
there is only a small increase in signal intensity with increasing angle of incidence, as 
would be expected for a typical IRRAS measurement (Supporting Information, Figure 
2.S3), but no significant enhancement. 
An analogous set of results for the 3025 nm pitch grating is presented in Figure 2.5. 
These results are focused in the spectral region near the location of the C=O vibrational 
mode. P-polarized spectra in Figure 2.5 A show the C=O stretching vibration measured 
at 65
o
 incidence with the grating direction parallel (no plasmon) and perpendicular 
(plasmon present) to the incident light source. An enhancement is also seen in this case 
where surface plasmon is present (curve i) over data in the absence of the surface 
plasmon (curve ii). While the increase in the absorption signal is not as dramatic as that 
seen for the C-H stretching vibrations in Figure 2.4, enhancement is still observed. As 
before, the incident light angle can be tuned to manipulate the degree of interaction 
between the surface plasmon and the vibrational mode. The angle-driven shift of the 
plasmon response through the C=O stretching region is shown in Figure 2.5 B. A 
maximum in enhancement is again observed at angles, between 65
o
 and 75
o
, where the 
overlap between the surface plasmon peak and that of the vibrational mode appear the 
strongest. Enhanced absorption with a definite angle dependence was observed for both 
C-H and C=O stretching modes (Figure 2.6). Enhancement of the C-H stretching 
vibrations on the 1710 nm pitch grating (Figure 2.6 A) was significant, reaching a 
magnitude of over 10-fold enhancement. The largest enhancement factor for the 2994 
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Figure 2.5.  A) IRRAS spectra under p-polarization at 65
o
 incidence for grating 
oriented (i) perpendicular and (ii) parallel to incident light. B) Offset p-polarized IRRAS 
spectra at varying incident angle.  All data obtained for silver-coated grating of 3025 nm 
pitch grating with 160 nm Ag and 140  PMMA overlayer. 
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Figure 2.6. Angle-dependent enhancement for A) C-H stretching vibrations at 2950 
and 2994 cm
-1
 and B) C=O stretching vibration at 1739 cm
-1 
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cm
-1
 mode was 11.25 at 65
o
 incidence, while the 2950 cm
-1
 mode achieved its largest 
enhancement of 8.92-fold at 70
o
. It should be noted that the angles where the maximum 
occurs is somewhat arbitrary since both the incident angle and the grating pitch impact 
the plasmon location. Presumably, the maximum enhancement of the vibrational peak 
occurs where the interaction between the plasmon peak (and its associated electric field) 
and the vibrational mode are maximized. Similarly, enhancement of the C=O peak was 
angle dependent (Figure 2.6B). The maximum enhancement factor in the 1739 cm
-1
 peak 
was over 1.9, and this value was observed at ~65
o
 angle of incidence. 
The origin of the enhancement observed in this work can be considered in terms of 
the interaction of the surface plasmon with the vibrational modes in the PMMA film. 
Clearly, the surface plasmon is associated with an enhanced electric field at the metal-
dielectric interface. Thus, when the spectral location of the surface plasmon overlaps a 
particular vibrational mode, the enhanced field results in a larger vibrational signal. In 
addition, one can consider the interaction between the surface plasmon and the 
vibrational mode in terms of the surface plasmon’s propagation length, L. The 
propagation length, as defined in Eq 2.3, describes the spatial extent of the plasmon on 
the metal surface, and is related to the dielectric properties of the interface, including 
both metal and film.[4] 
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In this case, the optical constants of the PMMA film impact the propagation length of 
the surface plasmon. Previous reports have shown that, in the presence of a strong 
absorbance (a large extinction coefficient), a surface plasmon is quenched, which results 
in  severe attenuation of the propagation length.[4, 49-52] A similar phenomenon can be 
observed here. Indeed, as shown in Figure 2.7, the plasmon propagation length at a 
silver-PMMA interface experiences dramatic reductions at wavenumbers associated with 
the C-H and C=O stretching vibrations. Physically, this behavior can be explained in 
terms of the coupling between the plasmon and the vibrational mode, whereby the 
plasmon is quenched and the associated momentum is captured by the vibrational modes 
of the PMMA, leading to an enhanced absorption.  It should also be noted that the 
optical properties of silver and PMMA at the frequencies in question produce evanescent 
field penetration depths on the order of several microns, so that the entirety of the 
PMMA film may be probed by SPPs in this configuration (Figure 2.S4).[5] 
Further verification of this coupling and enhancement can be seen by comparing 
these experimental results with an optical model of the grating interface. For this 
comparison, a Rigorous Coupled-Wave Analysis (RCWA) code was used to simulate the 
optical response of the 1710 nm pitch sample grating. A typical comparison between the 
model results and experimental data is shown in Figure 2.8, which depicts p-polarized 
light reflected at 65
o
 from a 300 nm PMMA layer. Both model results and those from 
experiment exhibit a similar enhancement in the vibrational peaks. Subtle differences are 
likely the result of slight differences in the physical dimensions of the actual and 
simulated surface profile and component optical properties.  
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Figure 2.7. Calculated surface plasmon propagation length at silver/PMMA interface 
from 3500 cm
-1
 to 1500 cm
-1
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Figure 2.8. Comparison of experimental (solid line) and RCWA modeling results 
(dashed line) for a 1710 nm pitch, 340 nm amplitude grating with 300 nm PMMA 
coating atop a 160 nm silver film. Incident angle is 65
o
. 
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2.5 Conclusions 
 Surface enhanced infrared absorption (SEIRA) is a useful analytical technique for 
increasing sensitivity and lowering limits of detection in IR spectroscopy. The majority 
of previous applications of SEIRA utilized nanoparticle-based localized surface plasmon 
resonance to provide increased electromagnetic fields. In this work, we demonstrated 
SEIRA using a grating coupler, which has the benefits of being robust, simple, and 
tunable via both the physical dimensions (pitch) and angle of the incident light. 
Adjustment of the incident angle allowed the location of the plasmon resonance to 
coincide with that of the vibrational modes, producing absorption increases of more than 
11 times over the absorption of identical films in the absence of plasmon-induced 
enhancement. We anticipate that fine-tuning of the grating dimensions in terms of pitch, 
amplitude and shape of the grating can be used to further increase the magnitude of the 
signal enhancement.  
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2.7 Supporting Information 
Determination of optical constants of PMMA on silver 
Glass slides were first cleaned by washing with 2% Neutrad solution and rinsing 
with DI water.  Slides were then rinsed with copious ethanol and dried in a stream of 
nitrogen.  Around 160 nm of silver was then deposited at a rate of 1-1.5 Å/s on the clean 
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glass slides by thermal evaporation.  Silver film thickness was monitored during 
deposition using a quartz crystal resonator and confirmed using atomic force microscopy 
(AFM). 
PMMA films were spun onto the silver-coated glass slides, and their thickness was 
determined by scratching the PMMA with a razor blade and profiling the edge of the 
scratch with AFM.  IRRAS spectra were obtained for the PMMA-on-silver samples 
(Figure 2..S2), and the extinction coefficient, k, was calculated from the absorbance, A’, 
as follows: 
  
   
   
 
where λ is the wavelength and l is the path length through the PMMA film.[53] 
Kramers-Kronig analysis[47, 48] was applied to generate dn as a function of 
wavelength from the associated k-values.  An n-value of 1.482 at 3000 cm
-1
 was 
obtained from the literature[46] and used to generate the refractive index spectrum from 
dn-values. 
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Figure 2.S1.  Plan view SEM of fabricated grating sample after silver coating. 
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Figure 2.S2.  P-polarized IRRAS spectrum at 80
o
 incidence of ~34 nm PMMA film on 
a flat silver surface. 
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Figure 2.S3.  P-polarized IRRAS spectra taken with grating direction parallel to 
incident light for A) 1710 nm pitch silver-coated grating with 300 nm PMMA film and 
B) 3025 nm pitch silver-coated grating with 140 nm PMMA film 
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Figure 2.S4. Calculated surface plasmon penetration depth into PMMA film at 
silver/PMMA interface from 3500 cm
-1
 to 1500 cm
-1
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CHAPTER 3 
MULTIPERIOD DIFFRACTION GRATINGS FOR SURFACE PLASMON 
RESONANCE-ENHANCED INFRARED REFLECTION ABSORPTION 
SPECTROSCOPY 
Joseph W. Petefish and Andrew C. Hillier 
A draft article in preparation for submission to Analytical Chemistry 
3.1 Abstract 
 Surface enhanced infrared absorption (SEIRA) is a method of applying surface 
plasmon resonance (SPR) to augment the magnitude of vibrational modes in infrared 
spectroscopic studies. While the majority of SEIRA applications to date have employed 
nanoparticle-based schemes, recent advances have shown how diffraction grating 
couplers may also enhance vibrational modes in analyte thin films. Gratings are an 
experimentally advantageous platform, due to the inherently tunable nature of surface 
plasmon excitation; both the grating pitch and incident angle affect the location of the 
plasmon resonance. In this work we used a Lloyd’s mirror laser interferometer to 
fabricate gratings with multiple pitches by subjecting photoresist-coated glass slides to 
multiple exposures at varying angles. Gratings were produced with multiple, widely 
differing pitches allow multiband IR sensing with precise control of the plasmon dip. An 
additional set of gratings, each having multiple closely spaced pitch values was 
fabricated to demonstrate how plasmon responses might be overlaid to create a broader 
sensor response. It is anticipated that, with further refinement, these two approaches may 
be used for multiband and broadband SEIRA spectroscopy. 
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3.2 Introduction 
 Surface plasmon resonance (SPR) is widely applicable, label-free, analytical 
technique commonly employed to characterize reactions, binding events, and film 
formation at and near metal surfaces. Extensive information regarding the physical 
description of SPR and its applications is available in several books and reviews.[1-5] 
One facet of the versatility of SPR sensing arises from the ability to sensitively detect 
any changes in the local refractive index near a metal-dielectric interface; any such 
variation within the penetration depth (typically ~100 nm at optical wavelengths) of the 
plasmon can be detected.[3] Accordingly, SPR-based sensors have been utilized in a 
wide variety of fields ranging from medical diagnostics to food safety to environmental 
monitoring. Experimental application of SPR sensing is also flexible, as a light source 
can be coupled to surface plasmons using metal-coated diffraction gratings, waveguides, 
prisms, and nanoparticles. While grating coupled SPR sensors are typically less 
sensitive[6] and less frequently applied[3] than prism-based couplers, they do provide 
numerous practical advantages. Diffraction gratings can be inexpensively mass produced 
by stamping and injection molding of plastics; such commonplace items as digital 
versatile discs (DVDs) and compact discs (CDs) have served as the basis for SPR 
grating couplers.[7-9] Diffraction gratings require no refractive index matching fluid that 
is common to prism coupler configurations. In addition to benefits in cost and 
experimental simplicity, gratings couplers supply tunability of the plasmon response 
through the grating period that is not easily available when using other couplers.[3] 
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Finally, multiple analytical signals can often be obtained from one sample by making 
use of multiple diffracted orders of grating-based sensors.[10, 11] 
 Although the bulk of SPR research has been performed on systems in the visible 
and near-infrared, the remainder of the infrared region offers many intriguing avenues 
for sensor development and application. The optical properties of SPR-supporting metals 
in the infrared produce long plasmon decay lengths suitable for probing environs as large 
as living cells.[12, 13] These same optical properties yield sharper resonances that allow 
more sensitive sensing and SPR imaging within the IR.[14, 15] Infrared reflection-
absorption spectroscopy (IRRAS) is a particular IR technique that facilitates deduction 
of structure and composition of ultrathin films;[16-18] as SPR is routinely applied for 
thickness and coverage measurement, IRRAS and SPR serve as complementary 
techniques in several studies. Previous work has shown how grating-coupled SPR and 
IRRAS may be used in just such a complementary fashion to determine composition and 
thickness of alkanethiolate monolayers on gold.[19]  
 An additonal interesting field of study within SPR sensing relates to the coupling 
of SPR with absorbing media. Many reports on the interaction of SPR with molecular 
resonances at visible frequencies are available.[20-22] In the infrared region of the 
spectrum, these interactions can result in the enhancement of vibrational modes in 
analytes. Application of this phenomenon is termed surface enhanced infrared absorption 
(SEIRA); the technique has largely used localized surface plasmon resonance (LSPR) at 
discrete metal nanostructures to amplify vibrational spectroscopic signals.[23, 24] 
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Collections of metallic nanoscale particles,[25] shells,[26] antennae,[27, 28] split-ring 
resonators,[29] and metal-island films[24] have all been demonstrated as SEIRA 
substrates. The first instance of grating-coupled propagating surface plasmons for 
SEIRA was reported in 2013, in which a gold-coated strip grating was used to enhance 
absorption in a poly(methyl methacrylate) (PMMA) film.[30] Further work exploited the 
angle-tunable nature of grating couplers to enhance multiple PMMA vibrational modes 
with a set of sinusoidal grating couplers fabricated via Lloyd’s mirror laser interference 
lithography.[31] 
 A distinct advantage of grating couplers is the potential for information rich 
sensing. This advantage can be realized through analysis of multiple diffracted orders or 
through peaks of the same order arising from different periodicities in the grating 
topology. A grating having three constituent harmonics was designed and constructed by 
Homola’s group to simultaneously monitor changes in the background refractive index, 
film thickness, and film refractive index during protein multilayer growth.[32] Two 
plasmons were excited simultaneously in the visible spectrum by a molded grating 
topped with a metal-dielectric-metal layer structure.[33] A chirped diffraction grating 
coupler having varying pitch and amplitude over its length has also been previously 
reported.[34] e-Beam lithography has been utilized to fabricate quasiperiodic gratings 
with multiple resonances in the visible and near IR regions.[35] To date, multiresonant 
gratings have not found use in the mid-IR region of the spectrum. 
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 We report the use of Lloyd’s mirror laser interference lithography to produce 
multiresonant diffraction gratings that can be applied for enhanced infrared spectroscopy 
of thin films. By dosing a photoresist layer multiple times at varying interferometer 
angles, a grating height profile corresponding to a superposition of sine waves can be 
created. Careful control of the Lloyd’s mirror angle using a motorized rotation stage 
allows for creation of multiple desired pitch values on one grating, with consequent 
placement of multiple resonances in desired locations in the infrared spectrum. 
Diffracted optical transmission through gratings and atomic force microscopy (AFM) are 
used to verify presence of multiple periodicities in the fabricated gratings. IRRAS 
spectra of silver-coated gratings demonstrate the precise control of the plasmon peak 
position for two possible applications: widely spaced grating periods for simultaneous 
interrogation of multiple spectral regions and closely overlaid pitches to produce a 
broader plasmon signal within a given spectral region. 
3.3 Experimental Section 
Materials and Reagents 
Toluene and glass microscope slides were purchased from Fisher (Waltham, 
MA). Microposit S1813 photoresist and Microposit 352 developer were from Rohm and 
Haas Electronic Materials LLC (Philadephia, PA). A UV-curable optical adhesive (NOA 
81, Norland, Cranbury, NJ) and polydimethylsiloxane silicone elastomer kit 
(SYLGARD 184, Dow Corning, Midland, MI), were used per manufacturers’ 
instructions. 0.008” diameter silver wire (99.995%) and tungsten wire evaporation 
67 
 
baskets were obtained from Ted Pella (Redding, CA).  Poly(methyl methacrylate) 
(PMMA, 120,000 MW) was from Aldrich (St. Louis, MO). Only deionized water with 
resistivity greater than 18 MΩ·cm (NANOPure, Barnstead, Dubuque, IA) was used in 
sample preparation. 
Fabrication of Multiresonant Gratings 
Multiresonant diffraction gratings were fabricated on glass slide substrates by 
laser interference lithography. A layer of S1813 photoresist was spun onto clean glass 
slides at 4,000 RPM for 60 s using a Laurell model WS-650MZ-23NPP spin coater 
(Laurell Technology Corp., North Wales, PA). Samples were placed on a hot plate at 90 
o
C for 1 min. and then cooled in a stream of compressed air. The photoresist-coated 
slides were then placed in a house-built Lloyd’s mirror apparatus, as in a previous 
publication.[31] The mirror and sample holder were mounted on a computer-controlled 
rotation stage (ThorLabs), which allowed for relative specification of the interferometer 
angle to within ~0.001
o
. Spatially filtered light from a 405 nm diode laser (Oxxius, 
Lannion, France) was incident on the Lloyd’s mirror to create a sinusoidal interference 
pattern into the photoresist layer. Up to 3 additional grating periods were transferred to 
the photoresist by subjecting the samples to subsequent exposures at different 
interferometer angles. Scheme 3.1 illustrates the process for an example with 2 
exposures. Subsequent exposure doses were necessarily larger than the first dose, as the 
resist becomes partially transparent upon initial exposure. Exposed samples were 
removed from the Lloyd’s mirror and post baked at 110 oC for 3 minutes, cooled with 
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lab air to room temperature, and developed using Microposit 352 developer. After 
developing the photoresist, the gratings were rinsed with DI water and blown dry in a 
stream of compressed air.  The interferometer laser power output did not fluctuate more 
than 3% over the course of sample fabrication. 
Diffracted Transmission Measurements 
 Diffracted transmission of 632.8 nm HeNe laser through the gratings was 
employed to confirm the presence of multiple periods in the topology and estimate the 
pitch of each periodicity. The basic apparatus consisted of a filtered HeNe beam 
normally incident on the multiresonant grating surface, a screen of cardstock, onto which 
the diffracted spots were projected, and a digital camera to capture images of the 
diffraction pattern. The details of the arrangement varied depending on the spacing of 
the multiple grating periods. For widely varying pitches on the same grating, the screen 
was placed 0.5 in behind the grating, and the -1, 0, and +1 diffracted orders were imaged 
on the back side of the cardstock, as shown in Scheme 3.2 A. For fine differences 
between pitches, a longer travel distance was required to resolve the +1 order diffracted 
peaks corresponding to each period; in this case, a 32 in separation existed between the 
grating and the screen, and a camera recorded diffuse reflection of the diffraction pattern 
from the front of the screen, as shown in Scheme 3.2 B. Collected images were analyzed 
using ImageJ. The separation of all 1
st
 order peaks from the 0 order transmission was 
measured at a horizontal distance of 32” and used to calculate the corresponding pitch 
for each spot. 
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Scheme 3.1.   Lloyd’s mirror interferometer with illustration of multiple exposure 
angles resulting in superposition of multiple grating pitches. 
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Scheme 3.2.  HeNe laser diffracted transmission imaging apparatus for multipitch 
gratings having A) large and B) small differences in pitch values. 
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Atomic Force Microscopy (AFM) 
Height profiles of the grating structures were obtained using a Dimension 3100 
scanning probe microscope in conjunction with a Nanoscope IV controller (Veeco 
Metrology, LLC, Santa Barbara, CA). Scanning was performed in tapping mode using Si 
TESP7 AFM tips (Veeco Metrology, LLC, Santa Barbara, CA) with a spring constant of 
~79 N/m and resonance frequency of ~ 255 kHz.  
Grating Replication and Silver Coating 
After characterization of the as-fabricated gratings by AFM and HeNe 
diffraction, a silicone elastomer kit (Sylgard 184, Dow Corning, Midland, MI) was 
employed to transfer the grating topology to a PDMS master. Replicas of each grating 
were fabricated from its respective PDMS master by placing a drop of UV-curable 
polymer (NOA 81, Norland Products, Inc., Cranbury, NJ) between the PDMS surface 
and a clean glass slide and irradiating the assembly with a UV lamp for 20 minutes. The 
newly formed gratings in UV-curable polymer released easily from the PDMS template, 
which allowed the same grating structure to be reproduced multiple times.   A film of 
silver of thickness ≥ 160 nm was then evaporated onto the UV-curable polymer gratings 
at a rate of 1-1.5 Å/s (Denton Benchtop Turbo III, Denton Vacuum, LLC, Moorestown, 
NJ). Silver film thickness was monitored in-situ using a quartz crystal resonator (Inficon 
XTC/2). 
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Spin Coating of Pol(methyl methacrylate) Films 
 Poly(methyl methacrylate) (PMMA) films were spun out of 8 wt% solutions in 
toluene onto the silver-coated gratings. A trial-and-error approach was employed to 
elucidate the necessary spin speed for producing an appropriate film thickness but was 
guided by consultation with the literature.[36] After coating, the grating samples were 
held in a -10 psig vacuum chamber at room temperature for several hours to remove any 
surplus toluene from the PMMA film. 
Infrared Reflection Absorption Spectroscopy (IRRAS) 
IRRAS spectra were acquired via a Fourier transform infrared spectrometer 
(FTIR) (Nicolet MAGNA 750, Thermo Scientific) and attached specular reflectance 
accessory (Pike Vee-Max II, Pike Technologies, Madison, WI). The specular reflectance 
accessory was employed to collect reflectance spectra at incident angles between 60
o
 and 
80
o
; it was also equipped with a polarizer for analyzing both s- and p-polarized light. 
IRRAS spectra were obtained for both bare silver and for PMMA-coated gratings 
relative to a flat silver surface at the same incident angle and polarization state. All 
spectra represent the average of 200 scans. Select grating samples were further 
characterized by performing IRRAS with the grating direction both perpendicular and 
parallel to the incident radiation.   
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3.4 Results and Discussion 
Multiple Pitch Gratings for Multiband Plasmon Resonance 
 Several target pitch values for each grating were determined prior to fabrication, 
with the goal of locating plasmon resonances to desired neighborhoods in the infrared; 
this was done through consideration of the grating SPR matching condition: 
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where λ is the light wavelength, nd is the dielectric medium refractive index, θ is the 
incident angle measured relative to the surface normal, m is the diffracted order, Λ is the 
grating pitch, and ϵd and ϵm are the respective permittivities of the dielectric and 
metal.[3] In the infrared, for the silver-air interface in our experiments, the metal 
permittivity is much greater than that of air, resulting in the following simplification of 
the matching condition: 
      
 
 
        (3.2) 
By solving Eq 3.2 at for a desired spectral location at 80
o
 incidence for -1 order 
diffraction, an estimate of the required grating pitch was obtained. This pitch value, 
along with the wavelength of the interferometer laser source, λint, was inserted into Eq 
3.3 to solve for the required interferometer angle, θint:[37] 
  
    
        
      (3.3) 
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 For a first demonstration of a multipitch grating exciting surface plasmons in the 
IR, we chose to target wavenumbers of 5000 cm
-1
, 4000 cm
-1
, and 3000 cm
-1
.  With a 
405 nm laser wavelength, exposures were carried out at interferometer angles of 11.62
o
, 
9.25
o
, and 6.92
o
, respectively.  After exposure and developing, the visually apparent 
grating structures were initially characterized using the HeNe diffraction imaging system 
illustrated in Scheme 3.2 A.  Figure 3.1A shows transmitted diffraction patterns for 
gratings i, ii, and iii, having been exposed at 1, 2, and 3 interferometer angles, 
respectively.  Diffracted signals for -1, 0, and +1 orders are visible, with gratings ii and 
iii exhibiting multiple -1 and +1-order peaks, corresponding to multiple periods in the 
grating structure.  All three gratings were first exposed for 15 s at 11.62
o
; gratings ii and 
iii also received a subsequent 45 s dose at 9.25
o
, with grating iii also subject to a third 25 
s exposure at 6.92
o
. An iterative bracketing process was used to select exposure times for 
second and subsequent doses in order to achieve similar diffraction efficiencies across 
the multiple peaks. Areal pixel intensity profiles of the photographs in Figure 3.1 A 
appear in Figure 3.1 B and were used in said iterative process.  It was apparent that the 
photoresist absorptivity at 405 nm decreased by at least 50% of the original value, as 
peaks from exposures after the first required double or longer exposure times to achieve 
similar diffraction efficiencies compared to peaks from the original dose.  In addition to 
the photographs of the diffraction patterns at ~0.5 in from the grating, the lateral 
displacement of the +1 order peaks was measured at a distance of 32 in from the grating 
using a measuring tape to calculate the pitch associated with each spot.  A summary of  
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Figure 3.1.  A) +/- 1 order diffraction patterns for gratings formed from i) one, ii) two, 
and iii) three sequential exposures.  All samples were exposed first for 15 s at 11.62
o
; 
gratings ii and iii were further exposed for 45 s at 9.25
o
, and grating iii was subsequently 
exposed for 25 s at 6.92
o
.  B) Offset intensity profiles taken from the diffraction patterns 
in A).   
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interferometer angles and the resultant pitch values for gratings i, ii, and iii is shown in 
Table 1. 
 The surfaces of gratings i, ii, and iii were also characterized using AFM, with 
offset height profiles of each appearing in Figure 3.2 A.  Grating i is evidently of a single 
period, whereas the surface profiles of gratings ii and iii demonstrate a convoluted 
pattern characteristic of superposition of multiple constituent harmonics.  The fast 
Fourier transform (FFT) modulus was calculated for each of the height profiles in Figure 
3.2 A, and the frequency domain translated to pitch space, with the results displayed in 
Figure 3.2 B.  The pitch spectra for gratings i, ii, and iii contained 1, 2, and 3 major 
maxima, as expected based on the number of interferometer exposure steps for each 
sample. 
 Gratings i, ii, and iii were then subject to the replication and silver coating 
process detailed earlier. After silver coating, p-polarized IRRAS spectra were obtained 
for the sample gratings at 80
o
 and are displayed in Figure 3.3. Notably, the peak 
positions within the infrared spectra closely match the targeted values of 3000, 4000, and 
5000 cm
-1
. Also of note is the consistency of the placement for peaks common to 
multiple gratings; the wavenumber position of the targeted 5000 cm
-1
 peak does not 
change appreciably between gratings i-iii. A similar observation holds for the 4000 cm
-1
 
peak on gratings ii and iii. The ability to use Eqs 3.2 and 3.3 to accurately and 
consistently predict plasmon peak placement and guide grating fabrication allows for 
efficient construction of desired, individually tuned, multipitch grating structures. Thin  
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Table 3.1.  Interferometer angles and corresponding pitch values based on 1
st
 order 
diffraction peak location for gratings i, ii, and iii. 
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Figure 3.2.  A) Vertically offset AFM height profiles of gratings i, ii, and iii.  B) Fast 
Fourier transform modulus for AFM profiles in A, corresponding to gratings i, ii, and iii. 
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Figure 3.3.   p-Polarized IRRAS spectra collected at 80
o
 vs flat silver mirror reference 
for silver-coated gratings i, ii, and iii.  Spectra represent average of 200 scans. 
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film vibrational modes corresponding to multiple functional groups might be 
simultaneously enhanced by insertion of plasmon resonances at appropriate locations.  
 
Gratings with Multiple Closely Spaced Pitches for Broadband Plasmon Resonance  
 Multipitch gratings having several finely separated peaks were also constructed 
and characterized in an attempt to produce a broad SPR signal in the IR comprised of 
several overlapping resonances.  This response could be applicable in simultaneous 
probing of wider vibrational modes or clusters of narrow modes in the spectra of analyte 
thin films.  For these experiments, gratings were fabricated by quadruple exposure of the 
resist at angles separated by steps of 0.2
o
, 0.1
o
, or 0.05
o
.  Initial characterization by 
transmitted diffraction was carried out using the apparatus in Scheme 3.2 B.  The longer 
separation between the grating and the screen was necessary to resolve individual 1
st
 
order diffraction peaks.  Figure 3.4 A shows photographs of the +1 order diffraction 
maxima for four-pitched gratings fabricated with 0.2, 0.1, and 0.05
o
 angle steps.  
Vertically offset areal intensity profiles for the images in Figure 3.4 A appear in Figure 
3.4 B.  Four distinct pitch values are apparent in each profile, with the spacing between 
peaks approximately halving with each halving of the interferometer angle step.  All 
gratings in this set were exposed so as to produce four pitches yielding SPR responses in 
the neighborhood of 3000 cm
-1
.  Four exposure angles and pitches as measured by HeNe 
diffraction at 32” are listed in Table 3.2. 
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Figure 3.4.  A) + 1 order diffraction patterns for gratings formed from four sequential 
laser exposures with 0.2
o
, 0.1
o
, and 0.05
o
 interferometer angle steps. B) Offset intensity 
profiles taken from the diffraction patterns in A).   
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Table 3.2.  Interferometer angles and corresponding pitches as measured by lateral 
displacement of HeNe laser at 32” distance between grating and screen for four-pitched 
gratings. 
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AFM height profiles for the three gratings with closely spaced pitch values are 
shown in Figure 3.5 A; the shapes of the profiles are not as immediately instructive as 
those for the gratings with widely differing pitches shown in Figure 3.2. In the case of 
finely separated pitch values (15 – 50 nm difference between adjacent periods), it proved 
difficult to resolve distinctions between the periods either visually or by examining the 
FFT spectra of the height profiles. For these samples, HeNe diffracted transmission 
provided the main evidence of four individual periods of relatively similar diffraction 
efficiency on each grating. 
 p-Polarized IRRAS spectra at a variety of incident angles for silver coated 
gratings having 0.2
o
, 0.1
o
, and 0.05
o
 interferometer angle steps are shown in Figure 3.6.  
It is possible to distinguish four resonances in the signal for the 0.2
o
 step grating at 80
o
 
incidence.  Also apparent by inspection is the shift of the response to lower wavelengths 
(higher wavenumbers) with decreasing incident angle, as predicted by Eq 3.2.  
Individual resonances are nearly impossible to distinguish in the smallest angle step 
case, with the 0.1
o
 angle step grating displaying behavior intermediate between the two 
extremes.  Previous work[31] has shown the presence of two features in the p-polarized 
IRRAS spectra of metal-coated grating couplers with a dielectric film atop the metal 
surface; the peak at higher wavenumbers appears immobile with increasing film 
thickness and most likely corresponds to -1 order diffraction at the dielectric-air 
interface.  The second feature redshifts in the presence of thicker dielectric films, as 
predicted for the grating SPR matching condition in Eq 3.1.  In order to separate these 
two effects and assess the shape of plasmon resonance directly, the sample gratings were  
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Figure 3.5.  A) Vertically offset AFM height profiles of gratings formed by four 
sequential exposures at 0.2
o
, 0.1
o
, and 0.05
o
 angle steps. 
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Figure 3.6.  Vertically offset p-polarized IRRAS spectra at a range of incident angles 
for silver coated 4-pitch gratings. Interferometer angle step used in grating fabrication is 
denoted for each set of spectra. Spectra represent average of 200 scans.  
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also characterized with a several-hundred nm thick layer of PMMA deposited on the 
silver.  The goal was to redshift the plasmon away from the presumably stationary non-
plasmon diffraction signal around 3200 cm
-1
, with the results displayed in Figure 3.7. 
 Figure 3.7 illustrates the success of the plasmon shifting approach to isolate the 
two signals in p-polarized IRRAS spectra of the silver-coated broadband gratings with 
additional PMMA overlayer. A new feature, a dual peak corresponding to two C-H 
stretching modes in the PMMA, appears in the spectra at ~ 3000 cm
-1
. The separation 
gained in wavenumber space allowed for the shape of the overlaid plasmon responses to 
be observed without interference from other signals. As expected, the grating made from 
four 0.2
o
-separated exposures created the broadest signal, with a FWHM of ~400 cm
-1
 at 
70
o
 incidence. Values for the 0.1
o 
and 0.05
o
 angle step gratings at corresponding 
conditions were ~180 cm
-1
 and ~120 cm
-1
, respectively. Differences in signal shape were 
also readily apparent, with the most widely separated pitches in the 0.2
o
 case clearly 
composed of four plasmon peaks, while the most closely spaced pitches in the 0.05
o
 
angle step grating appear almost as a single resonance. For ease of analysis using a 
broadband sensor, it is often desirable to have a broad enhanced signal in the shape 
approximating a rectangular or trapezoidal notch: a relatively flat top with no prominent 
peaks or troughs would be ideal. The spectra for the 0.1
o
 angle step grating come closest 
to ideal with regard to this criterion. The diffraction efficiency and plasmon resonance 
height is strongly dependent on the amplitude corresponding to each pitch in the grating 
topology; refinement of the sensor response could be performed by careful adjustment of 
the exposure times for each fabrication sequence.  
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Figure 3.7.  Vertically offset p-polarized IRRAS spectra at a range of incident angles 
for silver coated 4-pitch gratings with a several hundred nm top layer of PMMA. 
Interferometer angle step used in grating fabrication is denoted for each set of spectra. 
Spectra represent average of 200 scans.  
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While definite differences were observed in the between the three gratings, some 
common features exist in all sets of IRRAS spectra. The first commonality involves the 
aforementioned shift to higher wavenumbers with decreasing incident angle, again in 
accordance with Eq 3.1. Another notable observation across samples is the broadening 
or “smearing” of each dispersive signal as the incident angle decreased. This is 
particularly noticeable in the set of spectra for the 0.2
o
 angle step grating, as four 
plasmon resonances are clearly distinguishable at 80
o
 incidence but coalesce into a wide 
band with two prominences at 65
o
 and lower incidences. Prior work in our group also 
noticed this broadening effect at lower angles, which we believe is due to non-ideal 
behavior in the specular reflectance accessory that produces a wider angle spread at 
lower angle ranges.[31] In the design and fabrication of a broadband SPR sensor, 
unintended broadening effects due to instrumentation limitations may prove 
advantageous. 
3.5 Conclusions 
 Surface enhanced infrared absorption (SEIRA) is a useful analytical technique 
for amplifying signals in IR spectroscopy. Previous advances in SEIRA largely utilized 
nanoparticle-based LSPR to generate increased electromagnetic fields and enhanced 
absorption in analyte vibrational modes. Recent work has reported SEIRA using grating-
coupled propagating surface plasmons, with responses that are adjustable via the pitch of 
the grating and angle of the incident light. In this report, we used a Lloyd’s mirror 
interferometer and multiple exposure angles in the construction of multiband as well as 
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broadband grating couplers having multiple pitches.  Multiband SPR responses were 
designed in such a way that a silver coated grating produced plasmon peaks at 3000, 
4000, and 5000 cm
-1
. Four interferometer exposures at small angle steps were employed 
to fabricate broadband sensors featuring a wide response comprised of four overlaid 
plasmon resonances. We expect that these developments may prove useful for 
simultaneous enhancement of vibrational modes in multiple regions of the infrared 
spectrum and for concurrent enhancement of several peaks within an interval of several 
hundred wavenumbers, respectively. 
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CHAPTER 4 
AMPLITUDE EFFECTS FOR GRATING-COUPLED SURFACE PLASMON 
RESONANCE-ENHANCED INFRARED ABSORPTION SPECTROSCOPY 
Joseph W. Petefish and Andrew C. Hillier 
A draft article in preparation for submission to Analytical Chemistry 
4.1 Abstract 
Surface enhanced infrared absorption (SEIRA) is a method of increasing signal 
IR-active vibrational modes. The phenomenon arises due to interaction of these modes 
with surface plasmon-enhanced electromagnetic fields near metal-containing 
nanoparticles or diffraction gratings. Diffraction grating SEIRA schemes are attractive 
due to their simplicity, robustness, and inherently tunable characteristics of grating 
couplers.  Previous work has shown how the pitch of a grating-based SEIRA sensor 
determines the general area of the plasmon resonance, while the incident angle can be 
used to finely manipulate the position and shape of the sensor response. Another degree 
of freedom, the grating amplitude, is explored here through computational study using 
the rigorous coupled-wave analysis (RCWA) method. Both simulated infrared reflection 
absorption spectra and electric field maps are generated for gratings enhancing the C-H 
and C=O stretches in poly(methyl methacrylate) (PMMA). Desirable amplitudes for 
each grating are determined to generate the most favorable SEIRA signal. Simulation 
results for enhancement factors are found to be comparable with previous experimental 
work, and poor enhancement performance of prior grating coupled SEIRA sensors is 
determined to be the consequence of insufficient grating amplitude. 
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4.2 Introduction 
 Surface enhanced infrared absorption (SEIRA) is an analytical technique that 
applies surface plasmon resonance (SPR) to increase absorption signals in infrared 
spectroscopy.[1, 2] SEIRA may be considered the infrared spectroscopy analog of 
surface enhanced Raman scattering (SERS);[3-7] both SERS and SEIRA involve the 
coupling of SPR with molecular vibrational modes. Many reports on the interaction of 
SPR with molecular resonances at visible frequencies can be found in the published 
literature.[8-10] Several review articles and books regarding the physical underpinnings 
of SPR in general are likewise available.[11-15] Like SERS, most work in the field of 
SEIRA has utilized localized surface plasmon resonance (LSPR) coupled to discrete 
metal-containing nanostructures of varying shapes to induce the signal enhancement.[16-
20] 2013 saw the first report of SEIRA using propagating surface plasmon (PSPs) on a 
gold strip grating to enhance the C=O stretching vibration in PMMA,[21] and soon 
thereafter the use of the angle-tunable nature of a silver-coated grating coupler to 
enhance both C-H and C=O vibrations in PMMA was reported.[22] While both these 
grating-based approaches represented advances in the use of PSPs to enhance infrared 
absorption, much room for improvement of the sensors exists through refinement of the 
sensor grating topology. 
 Gratings are an attractive coupling platform for SPR sensors for a number of 
reasons.  While prism-coupled SPR sensors are more sensitive[23] and commonly used 
in the literature,[12] grating couplers are advantageous in several regards. Gratings may 
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be manufactured in large volumes from inexpensive polymeric materials; numerous 
reports describing grating-coupled SPR sensors made from such ubiquitous precursors as 
compact discs (CDs) and digital versatile discs (DVDs) have been published.[24-26] If 
used in reflection and with sufficiently thick metal films, diffraction grating couplers can 
be successfully used with reduced concern about the optical quality of the substrate. 
While prism-coupled configurations often require the use of  expensive optics or index 
matching fluids,[11] diffraction gratings require neither and thus may provide an 
inexpensive, convenient, and clean alternative. Chief among the technical advantages of 
grating coupling are the scheme’s inherent tunability and its potential for simultaneous 
sensing of multiple signals through several diffracted orders. SPR responses can be 
manipulated to chosen locations within the spectrum by control of the grating pitch or 
incident angle of the light source. Grating couplers have been constructed with multiple 
periods to concurrently detect changes in three separate signals.[27]  
The dependence of the SPR spectral location on the grating pitch and excitation 
angle is explicit in the SPR grating matching condition in Eq 4.1:[12] 
  
 
        
  
 
    {
  
 
√
    
     
}   (4.1) 
where λ is the light wavelength producing a resonance maximum, nd is the dielectric 
medium refractive index, θ is the incident angle measured relative to the surface normal, 
m is the diffracted order, Λ is the grating pitch, and ϵd and ϵm are the respective 
permittivities of the dielectric and metal. While the relation in Eq 4.1 is of use for design 
of grating couplers to enable placement of a plasmon resonance at a desired wavelength, 
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it is not sufficient to describe the shape and intensity of the resonance signature. 
Notably, information pertaining to the amplitude and shape of the grating are absent. 
Previous work has shown that these parameters have a profound effect on SPR 
signals.[15, 24, 28] These effects, plus observed differences in enhancement factors 
observed in prior SEIRA grating work,[22] implied that some optimum amplitude may 
exist at a given grating pitch which results in maximum vibrational mode enhancement. 
 In this report, we utilize the Rigorous Coupled-Wave Analysis[29-31] method to 
describe the effects of grating amplitude on plasmonic sensor response in the infrared.  
Simulated infrared reflection-absorption spectroscopy (IRRAS) spectra of silver-coated 
sinusoidal gratings show a transition between two dominant spectral features as the 
amplitude of the gratings increase.  Variation of an analyte film thickness atop the 
modeled silver-coated grating suggests that one of the two features present in the IRRAS 
spectra is immobile with increasing film thickness, while the second undergoes a shift to 
higher wavelengths under the same conditions, as expected of a plasmon resonance.  
Calculated electric field intensity maps at a variety of frequencies are also presented for 
select nanostructures to visualize these phenomena as well as to explain the sensitivity of 
enhanced infrared absorption to the grating geometry.   
4.3 Optical Modeling 
Optical responses of grating structures were simulated using the rigorously 
coupled wave analysis (RCWA) as described previously.[29-31] A Matlab code was 
written in-house to perform the calculations. Reflectivities at multiple diffraction orders 
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were computed for both transverse magnetic (TM) and transverse electric (TE) 
irradiation over a range of wavelengths and incident angles. Sinusoidal grating geometry 
was utilized, reflecting the experimental fabrication capabilities of the authors’ 
interferometer apparatus.[22]  Each individual RCWA simulation was executed at a 
specified incident angle, polarization, and wavelength range using a 5 nm wavelength 
step and a 5 nm layer thickness.  Refractive index values for silver, PMMA, and SiO2 
were from the literature.[22, 32, 33] Necessary model inputs relating to the grating 
topology included the grating pitch, amplitude, shape (sinusoidal), and thicknesses for 
silver and material identity and thickness for any overlying films. 
A visual representation of reflected diffraction from a metallic grating is shown 
in Scheme 4.1 A.  IR light incident at angle θ relative to the grating surface normal 
irradiates an opaque sinusoidal grating of pitch Λ and given amplitude.  Note that in this 
case, the amplitude is defined as the full vertical distance between the peak and trough of 
the grating profile; it should not be confused with the difference between the average 
height and the extrema.  In general, several diffraction orders may be reflected from the 
surface.  The simulations contained in this work reflect certain experimental 
configurations and spectral regions in which only the 0 order reflection and -1 order 
diffraction are observed at non-vanishing magnitudes.  Experimentally, the simulation of 
the 0 order reflectivity, R0, corresponds to the collection of an infrared reflection-
absorption spectrum using an IR spectrometer equipped with specular reflectance  
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Scheme 4.1. A) Schematic of simulated experimental configuration.  IR light is incident 
on a grating at a given angle, and the 0 order reflection is collected.  The incident angle 
and grating pitch, Λ, are selected so that the -1 order diffracted reflection appears as a 
dip at a desired location within the collected 0 order reflection spectrum.  B) Layer 
structure of modeled grating samples.  A PC substrate supports an opaque silver film 
(160 nm), which may itself support a superstrate film (PMMA or SiO2, for example). 
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measurement functionality.  Both direct IR absorption by vibrational modes in PMMA 
and light transferred to the -1 diffracted order appear as dips in the simulated R0 signal. 
A generalized grating layer structure input into the RCWA model is shown in 
Scheme 4.1 B.  A polycarbonate substrate supports a silver layer of 160 nm thickness; 
160 nm was found to be sufficient to limit the transmitted fraction of the incident light to 
~10
-6
 or less.  Simulations were carried out with and without a superstrate film of 
PMMA or SiO2.  Air was universally used as the top ambient medium.  In order to 
simulate the shapes of, and facilitate comparisons between, gratings fabricated by laser 
interference lithography, the grating profiles were sinusoidal; for interrogating regions 
near PMMA C-H stretches, pitch of 1710 nm was used.  ~3000 nm pitch values were 
employed for simulated gratings with plasmon resonances about the C=O stretch in 
PMMA. 
4.4 Results and Discussion 
This computational study was motivated by previous observations of grating-
coupled SEIRA of both the C-H stretching and C=O stretching modes in PMMA 
films.[22] While experimentally observed enhancement of C-H stretches in the region of 
2950-3000 cm
-1
 attained values of over 10-fold, enhanced absorption in the stronger 
absorbing C=O mode at ~1740 cm
-1
 failed to double. Aside from the obvious differences 
in spectral location of the peaks, and consequently in the required grating pitch, the key 
difference in the grating samples was the amplitude: ~340 nm for the C-H grating 
compared to ~110 nm for the C=O sample. RCWA simulation allowed for rapid 
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interrogation of several structures and aided in identification of desirable grating 
structures for future fabrication.  
Simulated Gratings for C-H Stretch Enhancement 
 Simulated p-polarized IRRAS spectra at 65
o
 for a silver grating of 1710 nm pitch 
and various amplitudes between 0 and 500 nm are shown in Figure 4.1.  All spectra are 
reported in terms of – log (R), where R is the 0 order reflectance ratio between the 
simulation of interest and that for flat silver at the same angle and polarization state. In 
this arrangement, absorptions and losses to the -1 diffracted order appear as an increase 
in the signal. As expected for a flat silver mirror, zero amplitude returned a constant 
reflection spectrum.  The prominent peak that decays with increasing wavenumber and 
grows with increasing amplitude is due to diffracted reflection of -1 order. At 
wavenumbers below the peak location, the -1 order becomes evanescent and passes off 
the spectrum. Beginning at a minimum amplitude of 40 nm, an additional feature 
appears at slightly lower wavenumbers than the -1 order diffracted reflection.  This 
second peak is attributable to excitation of surface plasmons by the -1 diffracted order; it 
attenuates and broadens as amplitude as amplitude increases, blending into the -1 order 
diffracted reflection around 300 nm amplitude and becoming indistinguishable to the eye 
by 500 nm. 
 In order to more thoroughly understand the nature of phenomena responsible for 
the spectral features in Figure 4.1, the RCWA model was also used to generate electric 
field intensity maps for a 1710 nm pitch silver grating at 300 nm amplitude and varying  
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Figure 4.1.  Vertically offset spectra generated by RCWA simulation for silver-coated 
gratings having 1710 nm pitch and various amplitudes. Simulations performed for p-
polarized light at 65
o
 incidence.   
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wavenumbers.  Figure 4.2 contains the results of this analysis with a simulated IRRAS 
spectrum included in Figure 4.2 A for reference. The spectrum is annotated at 3300 cm
-1
, 
3086 cm-1, and 2900 cm
-1
 to correspond with panels i, ii, and iii in Figure 4.2 B, 
respectively. These frequencies were chosen to visualize the field in regions of off-peak 
diffracted reflection (i), peak diffracted reflection (ii), and in the tail of the attenuated 
plasmon (iii). Electric field intensity snapshots in panels i and ii show similar qualitative 
behavior as one would expect for diffracted reflection, with the stronger intensities at the 
location of peak diffraction efficiency in the spectrum. Panel iii, however, shows a 
bound electric field enhancement at the crests in the silver-air interface, corresponding to 
surface plasmon polaritons (SPPs).   
 Similar computations between 0 and 500 nm amplitude were performed for silver 
gratings with a 300 nm superstrate film of PMMA in Figure 4.3. As before, all simulated 
spectra in Figure 4.3 represent scans at 65
o
 with p-polarized light. The magnitude of the 
C-H stretching absorptions for a 300 nm PMMA film in the absence of any diffraction 
effects is demonstrated via the 0 nm amplitude spectrum. Addition of the PMMA film 
resulted in spectra with a more definite transition between two dominant feature regimes 
than the bare Ag gratings. At low amplitudes, a narrow plasmon peak increases in height 
as the grating amplitude rises to 150 nm, while the broad, tailing feature corresponding 
to -1 order diffracted reflection is comparatively small in magnitude. As the amplitude 
increases to 200 nm and above, the diffracted reflection signature at higher 
wavenumbers increases in prominence, while the plasmon peak at lower wavenumbers 
attenuates and broadens. For most SPR sensing applications, a narrow and intense  
103 
 
 
Figure 4.2. A) Simulated p-polarized IRRAS spectrum of Ag-coated sinusoidal grating 
of 1710 nm pitch and 300 nm amplitude at 65
o
 incidence.  Labels at i, ii, and iii 
correspond to RCWA field simulations in B) for the grating structure at 3300 cm
-1
, 3086 
cm
-1
, and 2900 cm
-1
, respectively. 
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Figure 4.3.  Vertically offset spectra generated by RCWA simulation for silver-coated 
gratings having 1710 nm pitch, various amplitudes, and a 300 nm thick PMMA film on 
the silver surface.  Simulations performed for p-polarized light at 65
o
 incidence. 
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resonance response is desired; sharper dips yield higher sensitivities.[12] Inspection of 
the lower wavenumber feature in the spectra in Figure 4.3 suggests that some broadening 
of the resonance may be beneficial for interpreting results; enhanced absorption peaks at 
~2994 cm
-1
 and ~2950 cm
-1
 are obvious by inspection at 300 nm amplitude, while the
intense resonance in the 150 nm amplitude spectrum is so narrow that distinguishing the 
vibrational modes from the plasmon itself is difficult.  
Figure 4.4 A provides a closer comparison between the 300 nm amplitude and 0 
nm amplitude cases presented Figure 4.3. The enhancement by the 300 nm grating of the 
2994 cm
-1
 vibration over the flat PMMA film is especially pronounced.  Visualizations
of the z-component electric field for the two spectra in Figure 4.4 A appear in Figure 4.4 
B.  A large difference in the values of |Ez| in the PMMA film at 2994 cm
-1
 is observed
between the flat surface and 300 nm amplitude grating; intensities in the majority of the 
PMMA film volume range from 600 to 800 for the grating and measuring near 300 for a 
flat film on silver.  The field distribution for the 300 nm grating was computed at 
additional wavenumbers of interest based on its spectrum in Figure 4.4 A. The other C-H 
stretching mode at 2954 cm
-1
 exhibits qualitatively similar behavior to that at 2994 cm
-1
,
though the field strengths in the PMMA and the above air are not amplified as strongly. 
In each case, the bound surface plasmon polaritons (SPPs) arising from the coupling of 
incident light to the surface plasmon produce elevated electric fields in the PMMA This 
increase in the intensity of “trapped” light is similar to a guided wave and is apparent in 
reflection absorption spectra as an increased absorption.  Also of note is the location of 
the enhanced field within the nanostructure; the strongest enhancement at both PMMA- 
106 
 
 
Figure 4.4. A) Simulated p-polarized IRRAS spectra at 65
o
 incidence for 300 nm 
PMMA film on flat silver and on 1710 nm pitch, 300 nm amplitude sinusoidal grating. 
B) RCWA-generated field simulations corresponding to the nanostructures in A) for 
specified frequencies.  Field simulations performed under p-polarized illumination at 
65
o
. 
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air and Ag-PMMA interfaces aligns with the minima in the grating profile.  This is in 
direct contrast with the behavior observed for at 2740 cm
-1
, where the field is enhanced 
at the crests of the grating. The reason for this discrepancy is not fully understood. 
 The effect of the amplitude on electric field was evaluated via simulations at 
2994 cm
-1
 for PMMA-coated gratings of 40 and 500 nm amplitude, with results 
compared to a grating of 300 nm amplitude in Figure 4.5.  Neither 500 nor 40 nm 
amplitude cases exhibited as much enhancement of the 2994cm
-1
 mode as the 300 nm 
amplitude grating per Figure 4.3, and the field maps in Figure 4.5 demonstrate why this 
is so.  It is readily apparent that the field contained within the PMMA film is much 
higher in the 300 nm amplitude grating than in the other geometries.  This served as 
visual confirmation that the stronger plasmon resonance at 300 nm amplitude displayed 
in Figure 4.3 translates to more available light present in the PMMA film which may in 
turn couple to vibrational modes in the polymer.   
 Another comparison of interest involved the behavior of silver-coated gratings 
topped with a non-absorbing film. For this set of simulated experiments, a 300 nm top 
stratum of SiO2 was considered, as it does not absorb but has a real refractive index 
component similar to that of PMMA in the region between 3500 and 2500 cm
-1
.[33]  
Figure 4.6 charts the complex refractive indices of PMMA and SiO2 in the 
aforementioned region for comparison. Figure 4.7 contains a set of vertically offset, p-
polarized, reflection calculations at 65
o
 incidence for 1710 nm pitch gratings having 
various amplitudes.  The observed behavior is largely similar to that of the PMMA film,  
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Figure 4.5. RCWA-generated field distributions at 2994 cm-1 for 1710 nm pitch silver 
gratings with 300 nm PMMA film.  Field simulations performed under p-polarized 
illumination at 65
o
.  Note vertical and horizontal scales are not equivalent. 
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Figure 4.6. A) Real and B) imaginary components of the complex refractive indices of 
SiO2 and PMMA from 3500 cm
-1
 to 2500 cm
-1
 used in simulations. 
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but, as expected, devoid of any absorption peaks associated with molecular vibrations. A 
familiar transition trend from plasmon to -1 order diffracted reflection dominance is 
observed as the amplitude increases past a critical value near 100 nm. Figure 4.8 A 
presents a direct comparison of simulated IRRAS spectra for 300 nm amplitude Ag-
coated gratings having 300 nm top layer films of SiO2 or PMMA.   Although the SiO2 is 
not a perfect baseline for the PMMA case (due to the changes in nPMMA from the 
vibrational modes), it is likely the best option available without resorting to simulating a 
film with nonphysical, uncoupled, optical constants. While the spectra overlap very 
closely in the region of -1 order diffracted reflection, the plasmon region of the PMMA 
spectrum achieves much higher – log (R) values due to the presence of the C-H 
stretching modes. Electric field maps at 2994 cm
-1
 for these two configurations are 
displayed in Figure 4.8 B; they show qualitatively similar behavior, with the primary 
difference being that, in the SiO2 film, there is no absorbing mode present to harvest the 
excess light in the film from the plasmon. 
Simulated Gratings for C=O Stretch Enhancement 
 The most prominent vibrational mode in the IR spectrum of PMMA is the C=O 
stretch at ~1740 cm
-1
,[34] so it was initially surprising when previous work 
demonstrated larger enhancement for C-H stretching modes than for C=O.[22]  As 
mentioned previously, a key difference in the grating couplers used in the above 
experimental study was the amplitude. Simulations for 1710 nm pitch gratings depicted a 
strong dependence on grating amplitude for the plasmon resonance shape, electric field  
111 
 
 
Figure 4.7.  Vertically offset spectra generated by RCWA simulation for silver-coated 
gratings having 1710 nm pitch, various amplitudes, and a 300 nm thick SiO2 film on the 
silver surface.  Simulations performed for p-polarized light at 65
o
 incidence. 
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Figure 4.8.  A) Simulated p-polarized IRRAS spectra at 65
o
 incidence for 1710 nm 
pitch, 300 nm amplitude gratings with 160 nm Ag and 300 nm overlayers of PMMA and 
SiO2. B) Electric field maps for the two gratings in A). 
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strength in the film above the silver layer, and thus the observed enhancement in 
vibrational modes. It follows that gratings designed to enhance the C=O peak are subject 
to similar amplitude dependence, and tuning of the amplitude to an optimum can greatly 
improve the sensor performance.   
 To address this hypothesis, RWCA simulations were performed for silver-coated 
gratings of 3000 nm pitch with varying amplitude and 140 nm of PMMA forming the 
top layer of the nanostructure. 140 nm PMMA thickness was utilized to approximate 
prior experimental samples.[22] The results are displayed as offset p-polarized IRRAS 
spectra at 65
o
 incidence in Figure 4.9. Again, a trend is observed in which the plasmon 
peak appears at low amplitudes before growing in prominence with increasing amplitude 
up to a critical point.  Beyond this point, the plasmon attenuates and broadens while the 
negative first order diffracted reflection becomes the dominant spectral feature.  While 
the critical amplitude was around 150 nm for 1710 nm pitch gratings (see Figure 4.3), 
the value for 3000 nm pitch gratings appears to be in the range of 300 nm.  It is plausible 
from these two observations that a simple ratio of 1:10 amplitude:pitch may be the key 
geometry for predicting the critical amplitude value for a given sensor.   Notably, the 
critical amplitude is not necessarily the best amplitude for visually distinguishing 
enhancement effects in an IR spectrum; at wavenumbers around the C=O stretching 
mode, the spectrum is horizontally compressed due to the reciprocal nature of the scale, 
making plasmon bands appear narrower. An analogous array of computed IRRAS 
spectra for bare Ag gratings at 3000 nm pitch appear in Supporting Figure 4S.1. 
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Figure 4.9.  Vertically offset spectra generated by RCWA simulation for silver-coated 
gratings having 3000 nm pitch, various amplitudes, and a 140 nm thick PMMA film on 
the silver surface.  Simulations performed for p-polarized light at 65
o
 incidence. 
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Figure 4.10 shows a collection of field simulations at p-polarized illumination at 
65
o
 incidence and 1739 cm
-1
 for three gratings whose spectra appear in Figure 4.9: one
each for 100 nm, 400 nm, and 800 nm amplitudes. Once more, the behavior of the 
electric field in and around the PMMA film agrees with the observed trends in the 
simulated IRRAS spectra for the same structures.  In this instance, the field is most 
elevated at 400 nm amplitude, while the smaller |Ez| values in the films atop the gratings 
of 100 and 800 nm amplitude are reflected in the appearance of the respective spectra in 
Figure 4.9. 
Results obtained through simulation were used to calculate an enhancement 
factor relating peak height in the presence of plasmon enhancement and unenhanced 
peak height as before.[22] The calculated enhancement factors were compared to 
experimentally observed enhancement factors from a previous publication,[22] as shown 
graphically in Figure 4.11. Figure 4.11 shows a definite maximum in the enhancement 
factor at some critical grating amplitude, as expected based on simulated spectra and 
field maps.  In addition, the prior experimental work was shown to be in close agreement 
with the trends from present simulations.  Notably, the 110 nm amplitude grating used to 
enhance C=O stretching in earlier reports was found to be of insufficient amplitude to 
achieve large enhancements; the trend from the simulations predicts that 300-400 nm 
may be a more suitable amplitude range for a grating coupled SEIRA sensor having 
3000 nm pitch.  Conversely, it was determined that the 340 nm amplitude of the C-H 
stretch-enhancing gratings was in a region of 6-12 fold enhancement factors, which was 
consistent with published experimental results.[22] 
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Figure 4.10.  RCWA-generated field distributions at 1740 cm
-1
 for 3000 nm pitch silver
gratings with 140 nm PMMA film.  Field simulations performed under p-polarized 
illumination at 65
o
.  Note vertical and horizontal scales are not equivalent.
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Figure 4.11.  Comparison of RCWA-generated enhancement factors of noted vibrational 
modes with previous experimental observations[22] for gratings of A) 1710 nm pitch 
and B) 3000 nm pitch at 65
o
 incidence 
 
118 
 
4.5 Conclusions 
 Surface enhanced infrared absorption (SEIRA) is an interesting application of 
SPR sensing for increasing sensitivity and lowering limits of detection in IR-active 
vibrational modes. Like its Raman analog, SERS, the bulk of SEIRA publications to date 
have used nanoparticle-based localized surface plasmon resonance to provide increased 
electromagnetic fields and vibrational mode enhancement. Previous work has 
demonstrated the capabilities of diffraction gratings to serve as SEIRA sensors.  Grating 
couplers are easily fabricated, robust, and tunable via both the physical dimensions 
(pitch and amplitude) and angle of the incident light. However, the effects of the grating 
amplitude on the SEIRA enhancement had not been previously explored in a systematic 
fashion.  This report set out to explore this aspect of the parameter space, by RCWA 
simulation of gratings at given pitch values but with varying amplitudes.  Computations 
were performed for gratings of pitches appropriate for probing locations in the IR 
spectrum near the C-H and C=O stretching vibrations in PMMA. Simulated IRRAS 
spectra showed a definite trend for both pitch values with increasing amplitude; the 
existence of a critical amplitude yielding maxium plasmon intensity was confirmed for 
each case, with the critical amplitude approaching a value 1/10 that of the grating pitch 
for both data sets. For C-H and C=O stretching enhancement, it was shown that 
amplitudes slightly larger than the critical amplitude yielded higher electromagnetic field 
strengths within the analyte film than amplitudes deviating further from the critical 
amplitude in either direction. This elevated electric field within the PMMA film provides 
the probable means for the enhanced absorption observed in experimental studies. 
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Enhanced absorption factors predicted by simulations were compared with previous 
experimental observations and found to be in close agreement.  Direct comparison of the 
current work with prior reports demonstrated that the disparity between enhancement 
signals between C-H and C=O stretching modes was likely due to a suboptimal grating 
amplitude for the C=O sensor. 
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4.7 Supporting Information 
 
Figure 4S.1.  Vertically offset spectra generated by RCWA simulation for silver-coated 
gratings having 3000 nm pitch and various amplitudes. Simulations performed for p-
polarized light at 65
o
 incidence.   
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CHAPTER 5 
THIOL-FUNCTIONALIZED POLY(VINYL CHLORIDE) AS A CLEAR, 
SPINNABLE ADHESIVE FOR THIN GOLD FILMS ON GLASS SUBSTRATES 
Joseph W. Petefish, Michael Forrester, Eric W. Cochran, Andrew C. Hillier 
A draft letter in preparation for submission to Langmuir 
5.1 Abstract 
Gold thin films are commonly used in several applications ranging from optics to 
electronics to sensing, but the adhesion of gold to glass and other dielectric materials is 
generally poor.  Multiple adhesion-promoting techniques have been devised over 
decades to address this issue, with each having its own advantages and disadvantages.  
We demonstrate an optically clear, partially sulfur-functionalized poly(vinyl chloride) 
(PVC) adhesive that may be spun onto glass to dramatically improve gold adhesion over 
untreated glass and PVC as shown by tape and pull-off tests.  The adhesive is simple and 
inexpensive to produce, and it was not observed to significantly alter the surface 
roughness of ~50 nm thermally evaporated gold overlayer when compared to similar 
overlayers on a bare glass substrate.  It is believed that the desirable optical and adhesive 
properties, simple synthesis, low cost, and facile deposition by spin coating of the 
modified polymer make it an attractive alternative method for adhering gold films to 
glass. 
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5.2 Introduction 
Gold possesses a unique combination of electrical, mechanical, chemical, and 
optical properties that make it a material of choice in several fields, from 
microelectronics and MEMS[1] to surface-enhanced Raman spectroscopy (SERS)[2-4] 
and surface plasmon resonance (SPR) sensors.[5-8]  However, the poor adhesion of gold 
thin films and particles to common laboratory substrates, including glass, presents a 
challenge in the use of gold in many applications.  Multiple methods for promoting 
adhesion of gold to glass or other dielectric substrates have been developed in an attempt 
to address this problem. 
In one traditionally used method, a thin underlayer of oxide-forming metals such 
as Ti or Cr has been used for adhesion promotion.[9]  One difficulty arising in this 
method is the rapid diffusion of the adhesion-promoting metal through grain boundaries 
to the gold surface, allowing the formation of intermetallic compounds and affecting the 
electrical (and thus optical) properties and surface morphology of the thin film.[10-12]  
The adhesion performance of this scheme can also be deleteriously affected by 
introduction of carbon or oxygen impurities before or during gold deposition.[13]  
Barrier films to mitigate interdiffusion of metal species have been developed; recent 
advances, while requiring exacting control of the nanostructure, allow metal adhesion 
layers to be fabricated that do not diminish the optical properties of the gold surface.[14]   
Oxides of tin have also shown promise as an effective adhesion layer between noble 
metals and oxide surfaces.[15, 16]   
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Various bifunctional monolayer adhesion chemistries have also been reported, 
with most having silane functionality for binding the oxide surface of the glass opposite 
a thiol or other sulfur-containing group to bind gold.[17, 18]  The sulfur-metal bond is a 
thoroughly studied and robust system, with bond strengths around 100 kJ/mol.[19]  
While these monolayer treatments avoid the interdiffusion problems seen in chromium 
and titanium underlayers,[12, 17] great care must be taken during fabrication to optimize 
adhesive performance.  For example, it has been shown that for 3(mercaptopropyl) 
trimethoxysilane, a common bifunctional molecular adhesive, multiple reaction and 
curing steps must be carried out to achieve optimal adhesion.[17]  The curing step was 
found to be especially important, where deviation outside of a relatively tight time-
temperature process window resulted in complete destruction of the adhesion between 
gold films and glass slides.[17] 
Polymers have also been explored as a vehicle for promoting gold-glass 
adhesion.  Adhesive bond strength of gold to SU-8 photoresist, with and without 
inclusion of additional adhesion promoters, has been documented to be over 4 MPa.[20, 
21]  Recently, it was discovered that exposing the SU-8 photoresist to UV light after 
gold thin film deposition can be used to improve the adhesion and tune the roughness of 
the resulting film.[21]  Another polymer-based approach to binding gold involved 
sulfur-functionalization of a polybutadiene surface.[22] Functionalized PAMAM 
dendrimers have also been employed as adhesion promoting polymers to glass and 
silicon substrates.[23] 
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In this work, a simple, one-step reaction was utilized to partially thiol-
functionalize poly(vinyl chloride) (PVC) to make an optically clear, spin-coatable 
adhesive for gold films on glass.  PVC was an appealing raw material due to its low cost, 
resistance to swelling by water and other common solvents, ability to be spun coat out of 
THF, and optical transparency.  It was discovered that replacement of a fraction of 
chlorides with thiol groups did not appreciably alter these beneficial properties, but did 
result in marked increase in gold adhesion to glass. 
5.3 Materials and Methods 
Poly(vinyl chloride)(PVC) (Mw ~80,000, Mn ~47,000),absolute ethanol, and 
sodium hydrosulfide(NaSH) hydrate (60% NaSH) were purchased from Sigma-Aldrich 
(St. Louis, MO). Tetrahydrofuran (THF), sulfuric acid, 30% hydrogen peroxide, and 3” 
x 1” glass microscope slides were obtained from Fisher Scientific (Pittsburgh, PA). Gold 
wire (99.95%) was from Ted Pella (Redding, CA).  Deionized water for cleaning and 
rinsing of samples was produced in-house at a resistivity of over 18 MΩ-cm 
(NANOpure, Barnstead, Dubuque, IA).  All chemicals were used as received. 
A single neck 250-mL round bottom flask was equipped with a magnetic stir bar 
and a reflux column. 5 grams of PVC (.08 moles Cl), 8.96 grams of sodium hydrosulfide 
hydrate (.096 moles NaSH), and 69.8 grams of THF (.968 moles) were added to the 
reaction flask. The mixture was heated to 60° C with 500 RPM stirring and allowed to 
react for 24 hours. Within an hour the reaction mixture began showing a yellowish 
precipitate. This was caused by the formation of sodium chloride and a slight 
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precipitation of NaSH. After 24 hours, the solution was removed from the reaction 
vessel and any remaining salts were discarded as waste.  
Once the mixture cooled to room temperature, it was crashed in approximately 
1L of water. This allowed for removal of sodium chloride as well as any unreacted 
NaSH. The precipitated polymer was then broken into small sections and allowed to 
soak in water for about an hour in order to help remove more of the NaSH. This 
precipitation-soak process was repeated two more times. Lastly, the thiolated PVC 
(PVSH) was dissolved in THF at 2 wt%. 
Glass slides were washed using a 2% Neutrad solution, then rinsed with 
deionized water and ethanol and dried in a stream of nitrogen gas.  The slides were 
further cleaned by 30 minute immersion in piranha solution (3:1 sulfuric acid:30% 
hydrogen peroxide) (WARNING: piranha solution reacts violently with organics).  After 
piranha cleaning, the glass slides were rinsed sequentially three times with DI water and 
ethanol and dried with nitrogen before immediate polymer coating.  
PVC and PVSH films of ~140 nm thickness were spun onto the cleaned glass 
substrates at 2000 RPM using a model WS-650MZ-23NPP spin coater (Laurell 
Technology, North Wales, PA).  Thickness was measured by atomic force microscopy 
(Dimension 3100, Nanoscope IV controller, Veeco Metrology, LLC, Santa Barbara, 
CA).  A razor blade was used to create a scratch in the polymer coating, and profiles of 
the scratch edge were then obtained in tapping mode using silicon TESP7 AFM tips 
(Veeco Metrology).  Optical transmission spectra of the films on glass were collected 
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using a tungsten halogen light source and a UV/Vis spectrophotometer (both from Ocean 
Optics, Dunedin, FL).  A Perkin-Elmer Phi 5500 Multi-Technique surface analysis 
system equipped with a monochromatic Al Kα source (1486.6 eV) was utilized to 
perform X-ray photoelectron spectroscopy (XPS) on both PVC and PVSH surfaces. 
For fabrication of gold-coated samples for adhesion testing, the slides were 
placed into a vacuum thermal evaporation system (Denton Benchtop Turbo III, Denton 
Vacuum, Moorestown, NJ) for Au deposition directly after spin coating of polymer 
films.  The chamber was evacuated to a base pressure of 3 x 10
-5
 torr, and ~50 nm Au
was deposited via two 25 nm layers from opposite sides of the bell jar.  Film thickness 
was monitored using a 6 MHz quartz crystal resonator (Inficon Inc., East Syracuse, NY).  
Gold-coated samples were subjected to a qualitative adhesion test, in which a 
length of adhesive tape (Scotch® Magic
TM
) was pressed against the gold surface and
allowed to rest undisturbed for ~60 seconds before being peeled off in a direction 
parallel to the surface.  A quantitative test of the bond strength was performed following 
a previously published approach.[20]  Briefly, an epoxy (JB-Weld) was used to glue a 
steel bolt on each side of the gold-glass sample before pulling an area of gold film using 
a tensile tester equipped with a 30 kN load cells (Instron 3367, Norwood, MA).  Pull 
speed for testing was 0.1 cm/minute. 
5.4 Results and Discussion 
XPS characterization of the spun polymer films on glass was performed to 
estimate the sulfur content at the PVSH film surface.  Figure 5.1 contains offset XPS 
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Figure 5.1. Offset XPS spectra of PVSH and PVC control in region of S 2p binding. 
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spectra for both the PVSH and PVC control in the region of S2p binding energies.  
Binding energies for the spectra were referenced by setting the C1s peak (see supporting 
Fig 5S.1) to 284.8 eV. The appearance of the S2p peak in the PVSH spectrum confirmed 
the presence of sulfur groups, most likely thiols, at the upper boundary of the polymer 
film.  Corresponding spectra for C1s and Cl2p regions are included in the supporting 
information (Fig 5S.1).  Peak areas were integrated for C1s, Cl2p, and S2p, which were 
then normalized by the factors 0.314, 0.954, and 0.717, respectively, to acquire atomic 
concentration ratios.  Atomic concentration ratios (Cl:S) normalized to carbon for the 
PVC and PVSH surfaces were 0.40:0.00 and 0.27:0.02, respectively.  No sodium peaks 
were observed in the PVSH spectrum, implying that sulfur at the film surface was bound 
to the polymer and not associated with residual NaSH.   
[Forrester cross-linking chemistry observations HERE if necessary] 
Optical transparency is a desirable attribute for a gold-glass adhesion layer in 
many applications.   For this reason, optical transmission spectra were collected for the 
polymer films on glass, relative to a clean glass slide, with the results for a 140 nm 
PVSH film shown in Figure 5.2.  Negligible transmission losses were observed from 
400-800 nm; similar results were seen for films of PVC of equivalent thickness.  This 
similarity in optical properties between PVC and PVSH films was not unexpected, as 
XPS suggested that only a small fraction of chloride groups were replaced with thiols.   
 AFM was employed to compare the surface morphology of ~50 nm gold films 
deposited atop PVSH adhesion layers vs those deposited on clean glass substrates.   
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Figure 5.2. Optical transmission of ~140 nm thick film of PVSH on glass relative to a 
clean glass slide. 
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Representative height images for 5 x 5 µm regions of glass and PVSH-backed gold films 
appear in Figure 5.3 A and 5.3 B, respectively.  Visual inspection of the micrographs 
indicates a subtly undulating height background in the case of gold on the PVSH 
adhesive.  This may be due to some underlying structure of the polymer film.  However, 
this apparent undulation did not result in a statistically significant increase in RMS 
roughness from the glass-backed gold to the PVSH-backed gold, as shown in Figure 5.3 
C.  Mean RMS roughness for n = 3 was 1.8 nm for the gold on glass and 2.0 nm for the 
gold on PVSH. 
 Adhesion of the gold films to slides coated with PVC and PVSH was tested 
qualitatively using a tape test with results shown in Figure 5.4.  Figure 5.4 A compares 
results of the tape test for gold films on PVC and PVSH immediately after gold 
deposition.  Gold was nearly completely removed from the PVC surface and completely 
retained by the PVSH surface.  The region of removal shown on the PVSH slide 
corresponds to an area of glass where no PVSH film was present.  This region was not 
coated during spinning due to the high aspect ratio of the slides, and it served as an 
additional negative control, namely gold on clean glass.  Tape adhesion tests were also 
performed on the PVSH samples at 24 and 48 hours after gold deposition, as well as one 
week later, with complete retention of the gold film observed at all time points.  The 
gold-coated slides were kept at room temperature for the duration of the experimental 
period.   
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Figure 5.3. AFM height images for ~50 nm evaporated gold films on A) glass substrate, 
B) PVSH-coated glass. C) Comparison of gold surface roughness for films atop each 
substrate.  Error bars represent 95% confidence intervals; n = 3. 
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Figure 5.4. Photographs of ~50 nm gold-coated glass slides after tape test.  A) ~140 nm 
PVC underlayer on the left compared to ~140 nm PVSH underlayer on right.  Test was 
performed immediately after gold evaporation.  Removal of gold film on right slide 
corresponds to area of glass uncoated by PVSH.  B) Time dependent tape test results for 
PVSH-coated slides tested, from left to right, 0, 24, 48 hours and 1 week after gold 
deposition.  Gold removal in the corners of the slides was in regions containing no 
PVSH. 
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5.5 Conclusions 
A simply made, inexpensive, and optically clear polymer adhesive for binding 
gold to glass was developed by partial thiol-functionalization of PVC using NaSH.  The 
adhesive, herein labeled PVSH, lends itself to spin coating on glass in films of ~100 nm 
thickness, and dramatically increased the binding of ~50 nm gold films to the glass 
substrates when compared to bare glass or unreacted PVC.  Adhesion was promoted 
with only a small fraction (~ 1/30) of the surface chlorides being replaced with thiol 
functionality; it is possible that a catalyzed reaction resulting in higher conversions may 
produce a still more effective adhesive. The surface roughness of thin gold films 
deposited on the adhesive PVSH layer was found to be not significantly different from 
gold films on bare glass.  It is believed that the transparency, low cost, ease of synthesis 
and deposition by spin coating, and effectiveness of the PVSH adhesive make it a useful 
alternative to previously developed gold-glass adhesion promotion schemes. 
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5.7 Supporting Information 
 
Figure 5S.1. Offset XPS spectra of PVSH and PVC control in regions of A) C 1s and B) 
Cl 2p binding energies. 
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CHAPTER 6 
CONCLUSIONS 
Surface plasmon resonance (SPR) has received considerable research attention as a 
means of label-free detection of surface binding events.  Because SPR is sensitive to any 
change in the local refractive index, several surface phenomena are prime candidates for 
SPR study, including thin film growth, adsorption, and surface reactions.  SPR sensing is 
also incredibly versatile, as platforms based on waveguides, prisms, diffraction gratings, 
and nanoparticles can all be used in applications as needed.  Sensors can be operated in 
transmission or reflection, and efficient collection of large amounts of data is facilitated 
by SPR imaging. While SPR-based detection is versatile due to the wide range of forms 
a sensor can take, the plasmon resonance is also inherently tunable within each platform 
by means of adjusting incident angle, wavelength, or nanometer scale architecture of the 
sensor surface. Physical details, mathematical development of equations, and general 
background information relating to the above properties of SPR are presented in Chapter 
1. 
In Chapter 2, we exploit the angle-tunable nature of diffraction grating-based 
SPR sensors to improve the efficacy of infrared spectroscopy.   Vibrational modes of a 
polymer film were markedly enhanced when they were overlaid with the plasmon 
response of the grating.  As the incident angle of IR light was changed, the wavelength 
position of the plasmon resonance shifted in order to match vibrational modes at will.  
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While Chapter 2 proved the angle-tunable, grating-based, infrared enhancement concept, 
Chapters 3 and 4 focused on ways to further refine this technology.  
Chapter 3 presented data for two sets of multiresonant gratings: one with broadly 
spaced resonances with the potential for multiband IR enhancement and one with closely 
spaced, overlapping resonances to create a broadband IR enhancement platform. 
Gratings were fabricated using laser interference lithography with multiple exposures at 
varying angles before developing. For the multiband approach, precise control of the 
resonance locations was demonstrated by placing three SPR dips at pre-calculated 
locations of 5000, 4000, and 3000 cm
-1
, respectively.  A set of three gratings, each
having four closely spaced resonances was employed to show how the sensor response 
could be broadened.  The work in Chapter 3 shows potential for simultaneous 
enhancement of vibrational modes in widely varying locations within the IR spectrum 
and for concurrent enhancement of clusters of modes within a particular region. 
Chapter 4 used numerical simulation via the rigorous coupled-wave analysis 
(RCWA) method to explore another facet of the nanostructure-based tunability of SPR 
sensing.  The work in this chapter illustrated how infrared signal enhancement could be 
tailored by finding an optimum grating amplitude.  Computations were used to model 
IRRAS spectra and electric field distributions for several nanostructured grating 
configurations in a high throughput manner.  It was observed that there exists a critical 
amplitude value for a given grating pitch; above this amplitude the plasmon response 
broadens and attenuates, while below this value, the plasmon resonance is not as intense.  
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Field simulations showed how amplitudes nearer the critical amplitude resulted in large 
increases in the electric field within an analyte film atop the metal layer of the sensor.  
These larger fields were most likely the cause of observed enhanced absorption. 
Chapter 5 includes a brief exposition of an optically clear, spinnable polymer 
adhesive for binding thin gold films to glass substrates. Gold is material of choice for 
several SPR and electronic applications due to its optoelectronic properties and chemical 
stability, but it suffers from poor adhesive strength to dielectrics. The novel adhesive is 
produced in a single step reaction from poly(vinyl chloride) and NaSH, and produced 
much stronger gold adhesion to glass slides than unmodified PVC and bare glass 
controls. X-ray photoelectron spectroscopy confirmed the presence of small amounts of 
sulfur-containing groups at the adhesive surface, allowing for stable Au-S bonds to form 
the basis of the improved adhesion. 
Appended to this work are two published articles involving very different uses of 
SPR.  Interactions of surface plasmons with electronic resonance in a thin dye layer on 
silver are explored; branching of the plasmon peak was observed within the band of 
strongest dye absorption due to a vanishing plasmon propagation length.   The other 
appended article reports the use of a modified optical microscope to track the height of 
thin SiO films via plasmon-enhanced optical transmission. The amazing variety of 
applications which can be examined using one underlying technology is a testament to 
the versatility of SPR sensing. 
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ABSTRACT: In this paper, we describe experimental and modeling results
that illucidate the nature of coupling between surface plasmon polaritons in a
thin silver film with the molecular resonance of a zinc phthalocyanine dye film.
This coupling leads to several phenomena not generally observed when
plasmons are coupled to transparent materials. The increased absorption
coefficient near a molecular resonance leads to a discontinuity in the refractive
index, which causes branching of the plasmon resonance condition and the
appearance of two peaks in the p-polarized reflectance spectrum. A gap exists
between these peaks in the region of the spectrum associated with the molecular resonance and reflects quenching of the
plasmon wave due to violation of the resonance condition. A second observation is the appearance of a peak in the s-polarized
reflection spectra. The initial position of this peak corresponds to where the refractive index of the adsorbate achieves its largest
value, which occurs at wavelengths just slightly larger than the maximum in the molecular resonance. Although this peak initially
appears to be nondispersive, both experimental data and optical modeling indicate that increasing the film thickness shifts the
peak position to longer wavelengths, which implies that this peak is not associated with the molecular resonance but, rather, is
dispersive in nature. Indeed, modeling shows that this peak is due to a guided mode in the film, which appears in these conditions
due to the abnormally high refractive index of the film near the absorbance maximum. Results also show that, with increasing film
thickness, numerous additional guided modes appear and move throughout the visible spectrum for both s- and p-polarized light.
Notably, these guided modes are also quenched near the location of the molecular resonance. The quenching of both the
plasmon resonance and the guided modes can be explained by a large decrease in the in-plane wave propagation length that
occurs near the molecular resonance, which is a direct result of the film’s large absorption coefficient.
The resonance conditions of surface plasmons (SPs) at ametal/dielectric interface are highly sensitive to the local
environment. This behavior has led to their extensive use in
thin-film and adsorption sensing.1−3 The majority of these
applications have involved measurements with transparent films
or adsorbates possessing a negligible optical absorption
coefficient. Changes in the resonance condition in response
to a simple dielectric material can be readily explained in terms
of the metal’s refractive index and the optical thickness of the
dielectric layer.4 In the presence of a film with a dielectric
constant larger than that of the surroundings, the increased
optical density results in a decrease in the energy associated
with the SP resonance and a corresponding red shift in the
resonance position.
For adsorbates possessing a molecular resonance, the
coupling with SPs is much more complex and also information
rich. The complexity of this coupling has been demonstrated
with propagating SPPs (or surface plasmon polaritons) in thin
metal films. Early studies with SPPs showed that the coupling
of Langmuir−Blodgett dye assemblies using attenuated total
reflection on thin silver films leads to branching of the
dispersion curves near the molecular resonance.5−7 Notably,
studies of SPP−adsorbate interactions benefit from the ability
to directly measure dispersion relations via simple angle and
wavelength scanning. A number of studies involving the
coupling of SPPs with J-aggregates and other absorbing
materials have been published.8−10 In analytical applications,
the interaction of SPPs and molecular adsorbates has led to
various advanced forms of surface plasmon spectroscopy.11,12
Examples of these advancements include spectral finger-
printing,13 enhancements in sensitivity for SPR thickness
shifts,14,15 and signal enhancement for absorbance detection.16
The interaction of molecular resonances with localized
surface plasmon resonance (LSPR) at nanoparticles has
received increasing attention.17 Details of the interaction
between a molecular resonance and the LSPR at nanoparticles
are strongly influenced by the size (and shape) of the
nanoparticle, as well as the degree of overlap between the
LSPR and the molecular resonance.18 Indeed, the coupling
leads not only to variation in the magnitude of the LSPR shifts,
but also to resonance quenching, which has been exploited for
detection methods such as plasmon resonance energy trans-
fer.19,20 In addition to the ability to exploit plasmon−molecule
interactions to improve the efficiency of photochemical and
photoelectrochemical processes,21 molecule−plasmon coupling
can be used to perform active optical switching.22,23 A merging
of local and extended surface plasmon coupling with molecular
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resonances, via ordered arrays of nanostructures, can potentially
lead to even greater flexibility and control of SP−molecule
coupling and the resulting phenomena.24,25
To more fully understand the interaction between a
molecular resonance in an adsorbed material and an SP in a
metal film, we describe the results of a series of experiments
and optical modeling studies that demonstrate the coupling
between propagating SPPs in a thin silver film and the
molecular resonance associated with thin films of a zinc
phthalocyanine (ZnPC) dye. The optical reflection of thin films
of ZnPC on silver is examined in the Krestchmann
configuration as a function of the wavelength and angle of
incidence. The well-defined SP resonance on a bare silver film
red-shifts in the presence of a thin ZnPC film. With increasing
thickness, the SP resonance overlaps with the Q-band of the
ZnPC film. In the region of the spectrum where the ZnPC Q-
band absorbance lies, the SP resonance is quenched, and the SP
is split into a low- and high-energy state, evidenced by the
appearance of two separate peaks in the reflectance of p-
polarized light. Under these same conditions, an additional
peak appears in the s-polarized spectrum. Optical modeling is
used to verify the origins of this SP resonance quenching and
also to assist in interpreting this new peak, which is the
consequence of a guided wave in the dye film and is not directly
related to the molecular resonance. Also, the presence of the
molecular resonance leads to quenching of both plasmon and
guided modes within the spectral region associated with the
large optical absorbance in the film as a result of the decreased
propagation length of the plasmon wave.
■ EXPERIMENTAL SECTION
Materials and Reagents. ZnPC, hydrogen peroxide
solution (30%), and sulfuric acid were purchased from Sigma-
Aldrich (St. Louis, MO). Glass slides were purchased from
Fisher Scientific (Pittsburgh, PA). Index matching fluid and
BK7 prisms were purchased from Edmund Optics (Barrington,
NJ). Silver (99.999%), tungsten wire baskets, and alumina-
coated tungsten evaporation baskets were purchased from Ted
Pella, Inc. (Redding, CA). Deionized water with electrical
resistivity greater than 18 MΩ·cm was used during the rinsing
and cleaning procedures (NANOPure, Barnstead, Dubuque,
IA).
Sample Preparation. Metal and dye films were deposited
using thermal evaporation onto planar glass slides. Fresh
piranha solution (mixture of 3:1 concentrated sulfuric acid to
30% hydrogen peroxide solution) was used to clean the glass
slides. Caution: piranha solution reacts violently with organic
compounds! Following the cleaning, the glass slides were rinsed
vigorously with deionized water and dried under nitrogen. The
slides were subsequently placed in a vacuum chamber (model
Bench Top Turbo III, Denton Vacuum, Moorestown, NJ) for
deposition of ∼45 nm of silver by resistive heating from a
tungsten wire basket at a rate of 0.1 Å s−1 and a pressure of
<10−5 Torr. The Ag-coated slides were then immediately
transferred to a second vacuum chamber (model DV502A,
Denton Vacuum). Thin films of ZnPC were slowly (<0.1 Å s−1)
deposited on Ag-coated slides under a pressure of <10−5 Torr
from alumina-coated tungsten evaporation baskets.
Atomic Force Microscopy (AFM) Imaging. AFM
imaging of the sample surfaces was performed with a
Dimension 3100 scanning probe microscope and a Nanoscope
IV controller (Veeco Metrology, LLC, Santa Barbara, CA).
Imaging was performed in tapping mode using silicon TESP7
AFM tips (Veeco Metrology) with a spring constant of ∼70 N
m−1 and a resonance frequency of ∼280 kHz. Film thicknesses
were determined by using a razor blade to remove a region of
film, and a line profile across this boundary was used to
determine the height difference between the substrate and film.
Surface Plasmon Resonance Reflection Measure-
ments. A computer-controlled variable-angle ellipsometer
(Multiskop, Optrel GbR, Sinzing, Germany) was modified to
perform broad-band reflection measurements by removing the
compensator, replacing the He−Ne laser with a fiber-coupled,
broad-band, tungsten−halogen light source (OSL1, Thor Lab,
Newton, NJ), and mounting an optical fiber spectrophotometer
(HR4000CG-UV-NIR, Ocean Optics, Inc., Dunedin, FL) as the
detector. Control of the angle of incidence was achieved with
the instrument’s motorized two-circle goniometer. Reflection
measurements were performed in the Kretschmann config-
uration, with metal-coated glass slides attached to a 45° BK7
prism using index matching fluid. Reflectance values are
reported in terms of p-polarized (Rp) or s-polarized (Rs)
reflectance, which is calculated by dividing the reflected light
intensity (p or s) by the s-polarized reflectance from an
uncoated silver (47 nm) surface at the same angle of incidence
(θ).
Spectroscopic Ellipsometry. Rotating analyzer ellipsom-
etry (RAE) was performed in the polarizer−sample−analyzer
(PSA) configuration using the optical system described above.
Light from a tungsten−halogen light source was polarized at
45° and reflected by the sample surface at an incident angle of
70°. The analyzer was rotated from 0° to 180°, and a fiber-optic
spectrometer was used to capture spectra of reflected intensities
at 5° intervals. The measured intensity spectra were numerically
integrated over the range of analyzer angles to obtain the
ellipsometry parameters Δ and Ψ between 400 and 1000 nm.
The values of Δ and Ψ were then converted into equivalent
optical thicknesses using an N-phase model (vide infra). The
optical constants of the silver substrate (refractive index n and
absorption coefficient κ) were first determined using a three-
phase model (air/silver/BK7) with the AFM-measured silver
thickness (47 nm). The optical constants of the ZnPC films
were then found by fitting a four-layer model (air/ZnPC film/
silver/BK7) using the AFM-measured thicknesses for the Ag
(47 nm) and ZnPC (19 nm).
Optical Modeling. N-phase Fresnel calculations were used
to model reflection and transmission through the multilayer
air/ZnPC/silver/BK7 prism system as a function of the
wavelength, angle of incidence, and polarization state of the
incident light.26 Scripts were written in MATLAB (The
MathWorks, Inc., Natick, MA) to calculate reflection for
three-phase (BK7/silver/air) or four-phase (BK7/silver/ZnPC
film/air) models. Wavelength-dependent refractive indices of
BK7 glass were used in the calculations. The dispersion of BK7
glass was estimated using the Sellmeier equation:
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where n is the refractive index of BK7, λ is the wavelength of
light (μm), and the values of the constants were taken from
Schott glass: B1 = 1.03961212, B2 = 2.31792344 × 10
−1, B3 =
1.01046945, C1 = 6.00069867 × 10
−3 μm2, C2 = 2.00179144 ×
10−2 μm2, C3 = 1.03560653 × 10
2 μm2. The refractive index
values for silver (Figure S3, Supporting Information) and ZnPC
(Figure S4, Supporting Information) were derived from fitting
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the experimental spectroscopic ellipsometry results (Figure S2,
Supporting Information) from the experimentally prepared thin
films.
■ RESULTS AND DISCUSSION
Organic dyes such as ZnPC have generated considerable
interest due to their large molar absorptivities and potential use
as artificial pigments and in applications such as memory
storage, catalysis, and optoelectronics.27 In solution, ZnPC
exhibits a strong molecular resonance near 680 nm associated
with the dye’s Q-band (Figure 1). When formed as a thermally
evaporated thin film on silver, there is a slight red shift of this
peak to ∼710 nm (Figure 1).
The coupling of this ZnPC film, with its strong molecular
resonance, with an SP in the Ag substrate was studied by
measuring the optical reflection of p-polarized (Rp) and s-
polarized (Rs) light with the sample in the Kretschmann
configuration (Figure 2A). The uncoated silver film (47 nm
thick) exhibits the expected sharp decrease in reflectivity for p-
polarized light associated with the formation of an SP. At an
incident angle of 48°, the reflectance minimum occurs at a
wavelength of ∼437 nm (Figure 2B). Reflection of s-polarized
light under these conditions results in a high reflectivity (Figure
2C), consistent with conditions of total internal reflection. The
addition of a thin (6 nm) ZnPC film to the silver results in a
red shift of the SP to 492 nm and no change in the s-polarized
response. The behavior of a thicker (19 nm) ZnPC film shows
several notable features. The reflectance minimum in p-
polarized light has red-shifted, but it has also split into two
distinct minima, one appearing at ∼561 nm and the other at
792 nm. In addition, reflection of s-polarized light now shows
an unusual reflectance minimum, albeit a weak one, at 716 nm.
More detail about the nature of these features can be
illustrated with reflection images taken at several different
incident angles (Figure 3). These reflection images for the bare
silver film (Figure 3A) show the expected behaviors: the s-
polarized image (Rs) is uniform, and a strong resonance
minimum appears in the p-polarized image (Rp). The dispersive
nature of the SP in the p-polarized image is highlighted by the
red-shifting of the reflection minimum with decreasing angle
(Figure 3A). Reflection images of the 19 nm ZnPC film on
silver show two clearly resolved minima, with a gap in between
(Figure 3B). The peak that appears at longer wavelengths
displays clear dispersive behavior by shifting to longer
wavelengths with decreasing angle. The shorter wavelength
peak also shifts, but to a lesser degree. A notable feature in this
image is that the SP resonance is completely quenched between
the two minima at all angles. The minimum in the s-polarized
image (Figure 3B) is also apparent, and this feature appears
nondispersive under these conditions, with its position
unaffected by the changing angle. However, this peak is indeed
dispersive, as we will show in subsequent data and calculations
(vide infra).
Figure 1. Absorbance spectra of ZnPC in solution (50 μM in CHCl3)
and as a 19 nm film on Ag-coated (47 nm) glass.
Figure 2. (A) Schematic of the Krestchmann configuration used for
measurement of reflectance spectra. Reflectance spectra for 0, 6, and
19 nm thick ZnPC films in air on a 47 nm Ag/BK7 prism in the
Kretschmann configuration at a 48° angle of incidence: (B) p-
polarized reflectance (Rp) and (C) s-polarized reflectance (Rs).
Figure 3. Measured reflectance images for p-polarized (Rp) and s-
polarized (Rs) light as a function of the angle of incidence and
wavelength for (A) a 47 nm Ag film and (B) with an additional 19 nm
ZnPC layer in the Kretschmann configuration. The intensity ranges
correspond to 0 < Rp < 1.2 and 0.9 < Rs < 1.1.
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Red-shifting of the resonance peak in the p-polarized data
associated with film formation is the behavior typically seen
with SPs. Therefore, the appearance of two peaks, and the
quenching of the resonance in the spectral region near the
molecular resonance, must be associated with the coupling that
occurs between the molecular resonance and the SP resonance.
This behavior can be explained by considering the nature of the
plasmon and the impact of the molecular resonance on the SP
matching condition (vide infra). The appearance of a minimum
in the s-polarized spectra near a molecular resonance has not
been reported, although a recent publication has highlighted an
enhanced transmission through a nanohole metal array when
coated with a thin dye film.25 We believe that the peak
appearing in that result and the peak appearing here have the
same fundamental origin, which is the emergence of a guided
wave in the thin adsorbed film (vide infra).
To more fully understand the coupling of the molecular
resonance of ZnPC and the SP in the silver film, we completed
a series of optical modeling calculations. The optical constants
of silver and ZnPC were determined by combining the film
heights, as measured by atomic force microscopy (see the
Supporting Information, Figure S1) with spectroscopic
ellipsometry of the two films (Supporting Information, Figures
S2, S3 and S4). A four-phase optical model was then used to
calculate the reflection of transverse magnetic (TM = p-
polarized) and transverse electric (TE = s-polarized) light as a
function of the ZnPC thickness, wavelength, and angle for the
BK7 prism/Ag/ZnPC/air multilayer. Modeling results for a
bare 47 nm Ag film and also with an additional 19 nm ZnPC
layer at 48° are shown in Figure 4. A comparison between the
calculated reflectance spectra in Figure 4 with the experimental
results in Figure 2 shows a significant similarity. The bare silver
films show a nearly identical resonance minimum in the p-
polarized spectrum (Figure 4A) and little of note in the s-
polarized result (Figure 4B). The addition of a 19 nm ZnPC
film shows the same red-shifting and splitting of the resonance
in the p-polarized spectrum, with fine structure nearly identical
to that seen in the experimental results. Notably, the strong
resonance minima in the p-polarized spectra are completely
outside the region of the spectrum where the ZnPC Q-band
absorbance lies (denoted by the dotted box in Figure 4),
indicating the same quenching behavior as the experimental
results. The new minimum observed in the s-polarized data
with the 19 nm ZnPC layer is also apparent in the calculated
results. Thus, both of these behaviors can be explained by
standard optical theory and are the direct result of the optical
properties of the ZnPC dye and how they interact with the SP
in the Ag film.
The splitting of the SP resonance and the quenching that
occurs near the molecular resonance of the ZnPC film can be
explained by considering the wave vector (kSP) of the SP
parallel to the ZnPC/Ag interface. For a macroscopically thick
ZnPC film, this wave vector can be described by the following
relationship:
= π
λ
ε ε
ε + ε
k
2
SP
m d
m d (2)
where εm is the dielectric constant of the silver and εd is the
dielectric constant of the ZnPC film. In a general case, kSP is a
complex number:
= ′ + ″k k kiSP SP SP (3)
For this SP to exist and propagate along the metal/film
interface, the propagation length (L),4 as defined by
=
″
L
k
1
SP (4)
must have a nonzero value. This propagation length can be
readily calculated by considering the wavelength-dependent
optical constants of the metal and dielectric films. The
refractive index (n) and absorption coefficient (κ) for ZnPC
(Figure 5A,B) illustrate the resonance associated with the Q-
band. The absorption coefficient goes through a maximum in
this region (∼700 nm), and as is consistent with the Kramers−
Figure 4. Calculated reflectance (R) spectra for 47 nm Ag (dashed
lines) and 47 nm Ag + 19 nm ZnPC (solid red lines) films in the
Kretschmann configuration at a 48° angle of incidence using TM (p-
polarized) and TE (s-polarized) light. The dotted box denotes the
region of the visible spectrum enclosing the molecular resonance for
ZnPC.
Figure 5. (A) Refractive index (n) and (B) absorption coefficient (κ)
for ZnPC as determined by spectroscopic ellipsometry of a 19 nm film.
(C) Calculated propagation length (L) for the optical wave along the
interface of silver and ZnPC.
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Kronig relation, the refractive index decreases when approach-
ing this absorbance from smaller wavelengths and then exhibits
a discontinuity to reach a maximum value just to the right of
the absorbance maximum, before decreasing again. Using these
optical parameters for ZnPC, along with the dielectric
properties of Ag, allows one to calculate L for this interface
as a function of the wavelength (Figure 5C). These results
indicate that L obtains nonzero values between ∼400 and 550
nm and then again above ∼750 nm. However, between 550 and
750 nm, L approaches zero. These results indicate that the SP
can exist above and below this spectral region, but is unable to
propagate near the molecular resonance. This behavior is
primarily the result of the large value of the absorption
coefficient κ for ZnPC in this region, which makes the
imaginary part of εd large and consequently creates a large value
for kSP″ and a vanishing value for L. Similar calculations using a
nonabsorbing material (Supporting Information, Figure S7A,B)
show only an increasing L with increasing wavelength, which
supports the presence of a propagating SP over much of the
visible spectrum. An idealized absorbing material, with a
Lorentzian absorbance peak, gives a value of nearly L = 0 over
the entire spectral region associated with the absorbance peak
(Supporting Information, Figure S7C,D).
For a metal/film interface, the SP wave vector can be
simplified. At energy levels well away from the plasma
frequency for a given metal, the imaginary part of the metal’s
dielectric constant takes on large, negative values, which allows
κSP to be approximated by
≈ π
λ
εk 2SP d (5)
Far from the molecular absorbance (or for a nonabsorbing
material), where the absorption coefficient of the film is zero,
this wave vector can be written as
≈ π
λ
k n
2
SP d (6)
which is a purely real number, indicating that the propagation
constant L is very large and that the plasmon is supported at
this interface. However, near the molecular resonance, the
imaginary part of the film’s dielectric constant goes through an
inflection that tracks the value of n (εd′ = 2nκ), while the real
component approaches the negative square of the absorption
coefficient (εd″ = n
2 − κ2). Thus, the plasmon wave vector can
be approximated as
≈ π
λ
κk 2 iSP (7)
and the propagation length approaches the limit of
=
πκ
L
1
2 (8)
Thus, the larger the value of κ, the smaller the wave
propagation length. Therefore, a molecular resonance will
result in the extinguishing of the SP.
The second feature in both experimental and modeling
results was the appearance of a new peak in the s-polarized
spectrum. More detail regarding the nature and origins of this
peak can be deduced through some additional experimental
data and complementary optical modeling results. The results
from Figure 3B show that the minimum in the s-polarized data
does not change wavelength with the angle, which would
suggest that it is a nondispersive peak and is somehow related
to the molecular absorbance. However, increasing the thickness
of the film suggests that this peak is indeed dispersive. Figure 6
shows experimental reflectance spectra for ZnPC films of
various thicknesses between 6 and 166 nm on Ag. The absence
of a peak is noted in the 6 nm film, followed by the first
appearance of the peak with a 19 nm film. With larger ZnPC
film thicknesses, the peak position is seen to red-shift
significantly. The peak magnitude also increases as the film
thickness increases from 19 to 121 nm. The red-shifting of the
peak position for the 19 nm film from its initial value at 716 nm
to the final peak position of ∼920 nm for the 166 nm ZnPC
film clearly shows that this peak is dispersive. Additional
evidence of dispersion can be seen in Figure 6B for the 166 nm
thick ZnPC film, which shows a red-shift in the peak position
with decreasing angle of incidence. A second peak, whose origin
is similar to that of the first peak (vide infra), is also observed in
the two thickest ZnPC films at wavelengths near ∼510 nm.
Optical modeling supports the behavior seen in these
experimental data. Figure 7 depicts a series of computed
reflectance spectra using s-polarized (TE) light as a function of
the ZnPC thickness. Spectra are plotted for film thicknesses
between 0 and 140 nm, at increments of 10 nm. The thinnest
films are highlighted in the figure inset and show spectra for
films of 0−30 nm. As expected, the peak is absent at a 0 nm
ZnPC thickness, corresponding to the silver layer. The peak
first appears at 10 nm and then increases in magnitude, but
does not shift appreciably, to 30 nm. At thicknesses greater
Figure 6. Measured reflectance spectra with s-polarized light (Rs) for
(A) ZnPC films of increasing thickness on a 47 nm Ag layer in the
Kretschmann configuration at a 48° angle of incidence. (B)
Reflectance image for s-polarized (Rs) light as a function of the
angle of incidence and wavelength for a 166 nm ZnPC film on a 47 nm
Ag layer.
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than 30 nm, the peak grows in magnitude and also shifts
appreciably to the red. Thus, the dispersive nature of this peak
is confirmed with the large red shift with increasing thickness.
Although the original peak position was located near the
maximum in the molecular absorbance, the dispersive nature of
the peak confirms that this initial peak position being near the
molecular absorbance was coincidental. As we will prove in the
following passages, the origin of this peak is ultimately that of a
guided mode within the ZnPC layer, which is excited by an SP
in the silver film.4
With increasing ZnPC thickness, the SP that is excited at the
silver/ZnPC interface is able to couple to a guided mode within
the ZnPC layer, which produces a peak in the s-polarized
spectra. The location and magnitude of this guided mode are
impacted by the coupling between the SPP in the Ag film and
the molecular resonance on the ZnPC layer. The propagation
of this guided mode is also hindered by the quenching of the
SPP associated with the molecular resonance, which explains
the reduced amplitude of the peaks when they are located near
the molecular resonance.
Evidence that numerous guided modes can be excited by
both s- and p-polarized light at increasing film thickness can be
shown by additional model results. As an illustration, Figure 8
depicts computed p- and s-polarized spectra with ZnPC films of
thicknesses between 0 and 500 nm. Numerous guided modes
appear in these spectra, and labels for particular modes have
been included. The peaks observed in the experimental data of
Figure.6 correspond to the TE0 mode (Figure 8B). For TE0, the
first peak to appear at small film thicknesses is near 700 nm. It
then red-shifts with increasing film thickness. As the film
thickness reaches ∼80 nm, a second peak appears in the TE0
mode at small (∼400 nm) wavelengths. This peak also shifts to
longer wavelengths with increasing film thickness. This second
peak in the simulated results for TE0 corresponds to the second
peak observed near ∼510 nm for the 121 and 166 nm thick
films in the experimental data.
It should be noted that several features in the waveguide
modes depicted in Figure 8 differ from what would be observed
in a typical nonabsorbing waveguide layer. The modes shown
here are highly nonlinear with thickness and are quenched near
the molecular resonance so that their magnitudes go to zero. In
contrast, the location of a guided mode in a nonabsorbing
dielectric slab waveguide would vary linearly with the thickness
and appear over the entire spectral region. To illustrate this
further, a slab waveguide sandwiched between two perfect
mirror layers, for example, would support guided modes for TE
excitation that satisfy the relationship4,28,29
π
λ
θ = πn h m2 cos( )d d (9)
where nd is the dielectric constant of the waveguide layer, hd is
the waveguide thickness, θ is the incident angle, and m = 1, 2, ...
are the modes of the TE-guided wave. The increase in
wavelength with increasing film thickness would be strictly
linear in this case, with the slope increasing for higher modes
(increasing m). Numerical results for an asymmetric waveguide
slab, as is the case here, with a nonabsorbing, dielectric film in
the Kretschman configuration on a 47 nm Ag film, also exhibit a
linear increase in wavelength with thickness (Supporting
Information, Figure S9).
Although the complete solution describing the matching
conditions for an asymmetric waveguide is more complex,4,28
the general behavior for the ZnPC film system can still be
interpreted with eq 9. As noted, the peaks in Figure 8 are
nonlinear. However, they approach linearity far from the
molecular absorbance (high and low wavelengths). In these
near-linear regions, the peaks exhibit an increasing slope with
increasing mode number, which is consistent with eq 9. A
simple explanation for the nonlinear shape of the modes near
the molecular resonance comes from the fact that the layer
height (hd) and the refractive index (nd) are inversely
proportional in the guided mode (eq 9). By simply inverting
the refractive index curve for ZnPC from Figure 5A, one can
reproduce the shape of the curves in Figure 8. The most
notable consequence of this behavior in the experimental
Figure 7. Calculated reflectance spectra using TE light (s-polarized)
for increasing ZnPC film thickness on Ag in the Kretschmann
configuration. Line plots showing reflectance spectra with increasing
ZnPC film thickness from 0 to 100 nm. The inset shows an expanded
view of the films with 0, 10, 20, and 30 nm ZnPC thicknesses.
Figure 8. Calculated reflectance images for ZnPC-coated Ag (dashed
lines) as a function of the ZnPC thickness from 0 to 500 nm in the
Kretschmann configuration at a 48° angle of incidence using (A) TM
(p-polarized) and (B) TE (s-polarized) light. The modes for the
guided waves are identified in the figure. The scale bars are 0.4 < RTM
< 1 and 0.8 < RTE < 1.
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results is that the guided mode appears in the s-polarized
spectra at much smaller film thicknesses with ZnPC than would
be the case with a nonabsorbing, dielectric material because of
the abnormally high value of nd provided by the molecular
resonance.
Ultimately, for a guided mode to persist, it must be able to
propagate within the waveguide layer. However, the conditions
that lead to quenching of the SP also lead to quenching of the
guided modes. The increased absorption coefficient near the
molecular resonance in the ZnPC film diminishes the
propagation length of the guided modes so that they are also
quenched. Nevertheless, all other features of these modes are
consistent with what would be observed in a traditional
dielectric waveguide.
■ CONCLUSIONS
The interaction of surface plasmons with a molecular resonance
leads to the appearance of several new features not typically
observed with SPs that are coupled to transparent materials.
The molecular resonance in a ZnPC dye film, for example,
causes the SP in a silver layer to split into two branches. The
gap between these branches reflects quenching of the SP. The
origin of this quenching is due to the decreased propagation
length for the SP due to the large absorption coefficient for the
dye near the molecular resonance. The magnitude of the
quenching is a strong function of the strength of the molecular
resonance, as well as the degree of overlap between the SP
resonance and that of the adsorbed molecule.
The appearance of a guided mode in the s-polarized spectra
is a feature that occurs with this particular dye, but also appears
in transparent films. In a transparent film, this guided mode
(and others appearing in p- and s-polarized light) would display
a linear dispersion relation. However, with the dye film, the
guided mode is also quenched near the molecular resonance,
and the resulting dispersion curve is highly nonlinear near the
resonance location. However, the nature of this dispersion
relation follows what would be expected on the basis of the
optical properties, particularly the refractive index, of the
molecular film.
The coupling of molecular resonances to surface plasmons
provides an information-rich system for optical sensing and the
ability to tune the optical response through the degree of
overlap with the molecular resonance. The novel features
exhibited by this type of system have been used in the design of
new analytical and sensing schemes in both nanoparticle
(LSPR) and thin-film (SPP) systems. One could envision
exploiting these features further in the development of new
optical spectroscopies and sensor systems and in optoelectronic
devices.
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Coupling of light with nanostructured objects leads to avariety of unique and potentially useful optical phenomena.1
Some of the more interesting examples involve the coupling of
light to nanostructured metal surfaces, which can lead to what is
known as enhanced or extraordinary optical transmission.2 The
origins of enhanced transmission through metal ﬁlms can be
traced to the excitation of surface plasmons (SPs) in the nano-
structured metal interface.1b The high sensitivity of these SPs to
the local dielectric conditions at the metal interface can be
exploited in sensor development.3 Examples of nanostructure-
based plasmonic sensing include nanostructures consisting of
nanohole arrays,4 single nanometric holes,5 nanoslit arrays,6 and
various grating-type and diﬀractive nanostructures.7
A variety of fabrication strategies can be used to create nano-
structured optical elements ranging from electron beam lithography
to colloidal nanosphere lithography.4a,8 Beyond these specialized
methods, one can exploit the features of commercially available dif-
fraction gratings as nanostructured elements. Indeed, optical sensors
and SP-based sensing platforms that exploit gratings have become
increasingly popular.9 Gratings represent an inherently information-
rich substrate due to SPs appearing not only in the directly reﬂected
and transmitted peaks, but also in the various diﬀracted orders.10 In
addition, the SP response is highly tunable on the basis of the size
and shape of the grating surface. Indeed, changing the amplitude,
shape, or pitch of the grating proﬁle has a dramatic eﬀect on the
details of SPs.7d,11 Thus, this substrate represents a highly ﬂexible
and tunable platform for sensor development.
We and others have previously demonstrated that a diﬀrac-
tion grating constructed from a commercial DVD supported
SP-enhanced light transmission when coated with a thin metal
ﬁlm.7e,12The observed enhanced transmission consists of narrow
peaks in the visible spectrum, whose central wavelength can be
tuned by simple rotation of the grating. In the work presented
here, we describe a simple optical microscope-based method for
monitoring the ﬁrst-order diﬀracted peaks associated with en-
hanced transmission through a gold-coated diﬀraction grating.
We illustrate how peaks associated with SP excitation can be
observed by tracking the light transmitted through the (1
diﬀracted orders. Diﬀracted light is monitored by using a Ber-
trand lens to focus the grating’s diﬀraction image onto a CCD
camera.13 The spatial position of the diﬀracted peaks are then
transformed through a simple calibration procedure into a spec-
tral signature of the transmitted light without the use of a spectro-
meter. The ability to track the position of the plasmon peak and,
thus, measure ﬁlm thickness using the diﬀracted light is demon-
strated for thin ﬁlms of silicon oxide. The experimental results are
then compared with calculations on the basis of an optical model
of the grating interface as determined using the rigorously
coupled wave analysis simulation method.
Received: May 2, 2011
Accepted: June 20, 2011
ABSTRACT: Surface plasmon resonance enhanced transmission through
metal-coated nanostructures represents a highly sensitive yet simple method
for quantitative measurement of surface processes and is particularly useful in
the development of thin ﬁlm and adsorption sensors. Diﬀraction-induced
surface plasmon excitation can produce enhanced transmission at select
regions of the visible spectrum, and wavelength shifts associated with these
transmission peaks can be used to track adsorption processes and ﬁlm
formation. In this report, we describe a simple optical microscope-based
method for monitoring the ﬁrst-order diﬀracted peaks associated with
enhanced transmission through a gold-coated diﬀraction grating. A Bertrand
lens is used to focus the grating’s diﬀraction image onto a CCD camera, and the spatial position of the diﬀracted peaks can be readily
transformed into a spectral signature of the transmitted light without the use of a spectrometer. The surface plasmon peaks appear as
a region of enhanced transmission when the sample is illuminated with p-polarized light, and the peak position reﬂects the local
dielectric properties of the metal interface, including the presence of thin ﬁlms. The ability to track the position of the plasmon peak
and, thus, measure ﬁlm thickness is demonstrated using the diﬀracted peaks for samples possessing thin ﬁlms of silicon oxide. The
experimental results are then compared with calculations of optical diﬀraction through a model, ﬁlm-coated grating using the
rigorously coupled wave analysis simulation method.
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’EXPERIMENTAL SECTION
Materials and Reagents. Absolute ethanol and nitric acid
were purchased from Sigma Aldrich (St. Louis, MO). All chemi-
cals and reagents were used as received. Deionized water with
electrical resistivity greater than 18 MΩ 3 cm was used during rin-
sing and cleaning procedures (NANOPure, Barnstead, Dubuque,
IA). Recordable digital versatile discs (DVD-R, 4.7GB) were
purchased from Inkjet Art Solutions (Salt Lake City, UT). Gold
(99.999%) and tungsten wire baskets were purchased from Ted
Pella, Inc. (Redding, CA). Silicon monoxide (SiO) with purity of
99.9% was purchased from GERAC (Milwaukee, WI).
Grating Construction. Two different gratings were used in
this work. The first was a commercial holographic transmission
grating with a 1000 nm pitch (Edmund Optics). The second was
prepared from a commercial DVD-R and coated with a thin
(∼40 nm) layer of gold. Preparation of the metal-coated grating
has been described previously (details in the Supporting Infor-
mation).7e SiO films were formed on the gold grating via vacuum
evaporation under conditions similar to gold coating (Supporting
Information). Film thicknesses and composition were confirmed
using atomic force microscopy (AFM) imaging, ellipsometry, and
infrared reflection absorption spectroscopy (IRRAS) (details of
methods in the Supporting Information).
Optical Characterization. Optical transmission measure-
ments were performed using an optical microscope (Olympus
model B41) in transmission mode with a broadband, white light
source. A schematic of the optical train (Scheme 1) illustrates
the major components. The light source consisted of a 150 W
tungsten!halogen bulb with the standard infrared filter re-
moved. Control of the incident light polarization (with respect
to the grating direction) was achieved using a linear polarizer
between the light source and the aperture diaphragm. Light was
focused onto the sample using a condenser lens. The sample was
mounted to a mechanical translation stage for xyz movement. A
100" microscope objective was used to focus the sample image
into the observation tube. The microscope’s detector consisted
of either a CCD camera (Thorlabs) or a fiber-optic spectrometer
(Ocean Optics). Collection of the sample’s diffraction image was
achieved by inserting a Bertrand lens into the observation tube.
The Bertrand lens focuses the sample’s Fourier image, which is
located at the rear focal plane, onto the microscope’s imaging
plane to allow capture of optical diffraction data with the CCD
detector. Subsequent data analysis was performed using ImageJ.14
Optical Modeling. The optical response of the film-coated
grating was modeled using the rigorously coupled wave analysis
(RCWA) method. Details of the method and the form of its
implementation used here can be found in several publications.15
Briefly, diffraction efficiencies were calculated for both transverse
magnetic (TM) and transverse electric (TE) incident light as a
function of wavelength. Calculations were performed using a
Scheme 1. Schematic of Optical Conﬁguration Used to
Measure Surface Plasmon Resonance Enhanced Transmis-
sion throughGold-CoatedGrating AssociatedwithDirect and
Diﬀracted Light (reﬂected (R) and transmitted (T) orders)
Using an Optical Microscopea
aThe Bertrand lens is inserted to focus the rear focal plane (diﬀraction
image) onto a CCD camera.
Figure 1. (A) Direct optical image and (B) diﬀraction image of
uncoated transmission grating with 1000 μm pitch. Location of !1, 0,
and +1 diﬀracted orders are identiﬁed in part B.
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custom-built code written in Matlab (further details in the Sup-
porting Information). The grating geometry used in the model
calculations was based upon fitting experimental AFM measure-
ments of the DVD-R profile (Supporting Information: Figure
S.2). Upon the basis of these results, a sawtooth profile was used
with a pitch of 670 nm and an amplitude of 120 nm. Refractive
index values for the various materials included published values
for gold16 and SiO.17 The polycarbonate substrate was modeled
using the Sellmeier equation.18
’RESULTS AND DISCUSSION
An image of a holographic transmission grating, as observed
through an optical microscope using a 100" objective, is shown
in Figure 1A. The periodicity of the ridges in the image reﬂects
the 1000 nm pitch of the grating. An image of the optical
diﬀraction pattern from this grating can be observed by inserting
a Bertrand lens into the microscope’s observation tube.13 A color
version of the diﬀraction image (Figure 1B) exhibits three dom-
inant features. A white, circular spot appears at the center of the
image. This spot represents light that is directly transmitted
through the sample, otherwise referred to as the zeroth-order
spot. Two elliptical spots appear to the right and left of the central
spot. These features are due to light that is diﬀracted by the
grating and are associated with the +1 (right) and !1 (left) dif-
fracted orders (Scheme 1). Although the zeroth-order peak ap-
pears white when viewed by eye or as imaged with a color CCD
camera, the plus/minus peaks disperse the light with blue light
(shorter wavelengths) appearing nearest to the center and red
light (longer wavelengths) appearing at the outer edges. The dis-
tances of the (1 diﬀracted spots from the zeroth-order spot are
proportional to the reciprocal of the grating pitch. The 1000 nm
pitch for this grating gives diﬀracted spots that are located at(1
μm!1. Using the same magniﬁcation objective, a smaller grating
pitch would produce(1 diﬀracted spots that are located further
from the zeroth-order spot (due to a larger diﬀracted angle). The
diﬀracted angle can be described by the grating equation,
sin θi + sin θm ¼ mλΛ ð1Þ
where θi is the angle of incidence,Λ is the grating pitch, λ is the
wavelength, m is the diﬀracted order, and θm is the angle of the
diﬀracted spot of order m. In a collinear mounting (θi = 0), the
position (L) of the diﬀracted spots on the diﬀraction image
(Figure 1B) can be described by
L ¼ D mλ
Λ
! "
ð2Þ
where L is the measured distance from the zeroth-order spot, and
D is a constant associated with the magniﬁcation level. Equation
2 shows that the location of the diﬀracted spots moves farther
away from the zeroth-order spot with decreasing pitch and
increasing diﬀracted orders. In addition, the location of the
colors in the diﬀracted spot tracks with their wavelengths, with
longer wavelengths appearing at larger distances from the origin.
The dispersed light appearing in the (1-order spots in this
diﬀraction image allows the spectral signature of a sample to be
measured by simply determining the intensity as a function of
position in the captured image. With proper calibration, the
intensity versus pixel location in the image can be converted into
intensity versus wavelength (vide infra).
To excite SPs at the gold/air interface, we chose to use a com-
mercial DVD-R as the grating source. The DVD-R represents an
inexpensive grating whose pitch (∼670 nm) coincidentally has a
value that is appropriate for exciting SPs in a thin metal ﬁlm when
using a collinear optical conﬁguration (θi = 0).
7e Thus, the DVD-
R geometry is ideally suited for SP transmission (or reﬂection)
measurements with an optical microscope.
The diﬀraction image of an uncoated DVD-R (Figure 2A)
exhibits features similar to the transmission grating in Figure 1,
with an intense zeroth-order peak at the image center and the
(1-order peaks to the left and right of the image center. A
horizontal intensity proﬁle along the center of the diﬀracted spots
shows a large intensity for the zeroth-order peak and broad
features for the(1-order peaks. Notably, the diﬀraction image is
independent of polarization (s or p) when exposed with direct
(θi = 0) illumination. Coating the grating with 40 nm of Au
attenuates the transmitted light intensity and produces several
new features as well as signiﬁcant diﬀerences between s- and
p-polarized light. The zeroth-order peak for s-polarized light is
attenuated, and the(1 diﬀracted peaks are substantially weaker,
especially at longer wavelengths (Figure 2B). This is due to
absorption from the thin, gold ﬁlm. The response to p-polarized
light shows a similar attenuation, but with an additional, strong
transmission in the plus/minus ﬁrst-order peaks at longer
wavelengths (denoted by an asterisk in Figure 2C). This new
transmission peak is due to excitation of a SP at the metal/air
interface on the grating.7e
The data contained in the intensity proﬁles of the diﬀraction
images can be readily converted into spectral data through the
use of an appropriate calibration. We captured diﬀraction images
using several interference ﬁlters possessing a narrow bandpass
(10 nm) to convert pixel location into wavelength (Supporting
Information Figure S3). Using the +1 diﬀracted peak, the
Figure 2. Optical diﬀraction images (insets) and transmitted intensity
proﬁles for DVD grating: (A) uncoated grating p-polarized, (B) 40 nm
Au-coated grating s-polarized, and (C) 40 nm Au-coated grating
p-polarized. The SP peak is denoted by an asterisk in part C.
155
6050 dx.doi.org/10.1021/ac201096f |Anal. Chem. 2011, 83, 6047–6053
Analytical Chemistry ARTICLE
resulting spectra for the three cases shown in Figure 2 are
depicted in Figure 3. The uncoated DVD (dotted line) shows
a broad intensity proﬁle between ∼400 and 750 nm, which is
consistent with the shape of light produced by the tungsten-
halogen light source. The intensity of the light from the uncoated
sample drops sharply at ∼780 nm, which is a result of the dif-
fracted spot reaching the edge of the image window. This wave-
length range can be extended to larger values by using a higher
magniﬁcation objective (150 or 200"). The spectra from the Au-
coated sample using s-polarized (dashed line) and p-polarized
(solid line) light exhibit the expected features. The s-polarized
spectrum is broad with a peak near 550 nm, consistent with a
green transmitted color of a thin gold ﬁlm. The p-polarized light
tracks the s-polarized spectrum at small wavelengths, but then
exhibits a very large transmission peak centered at ∼700 nm.
This transmission peak is due to excitation of a SP at the gold/air
interface.7e Notably, due to the asymmetric nature of this grating
(air/gold/polycarbonate), a SP is also excited at the gold/
polycarbonate interface, but due to the higher refractive index
of the polycarbonate substrate, this resonance is located in the
near-infrared region (∼1100 nm) and not observable in this data
(vide infra).
A comparison of the experimental results with those derived
from an optical simulation of the grating interface can be used to
assist in data interpretation and to identify notable spectral fea-
tures. The RCWAmethod was used to simulate the transmission
and reﬂection of the various diﬀracted orders (Scheme 1)
through a model grating (vide supra). Predicted transmission
spectra were determined for TM and transverse electric TE light
using the model grating proﬁle with a 40 nm gold layer. Results
for the zeroth- and ﬁrst-order diﬀraction eﬃciencies are shown.
For both TM0 (p-polarized) and TE0 (s-polarized) (Figure 4A),
a peak is observed near 500 nm, as expected for a thin gold ﬁlm.
The TE0 result shows no other notable features, whereas the
TM0 exhibits an intense enhancement near 700 nm, which is the
result of SP excitation. Prior measurements of directly trans-
mitted light through a gold-coated DVD-R showed spectra
nearly identical in shape to what appears in Figure 4A (see
Figure 3B in ref 7e). The predicted diﬀraction eﬃciencies for the
+1-order peak (Figure 4B) are also consistent with the experi-
mental results, with TE1 showing only a broad peak near 500 nm
and TM1 exhibiting an intense SP peak near ∼700 nm. The
primary diﬀerence between the model (Figure 4B) and experi-
mental results (Figure 3) for the +1-order peak is that the
experimental data shows more light transmission near 500 nm
than the prediction. This could be due to minor diﬀerences in the
grating shape, gold thickness, or limitations in the experimental
Figure 3. Transmission spectrum from +1-order diﬀracted peak for
uncoated grating (dotted line), grating with 40 nm gold layer s-polarized
(dashed line) and grating with 40 nm gold layer p-polarized (solid line).
The SP peak is denoted by an asterisk.
Figure 4. Calculated spectrum of transverse magnetic (TM, solid line)
and transverse electric (TE, dashed line) light from zeroth-order (A) and
ﬁrst-order (B) peaks for model grating having triangular proﬁle with
pitch of 670 nm, height of 120 nm, and gold thickness of 40 nm.
Figure 5. (A) IRRAS of SiO layers on gold-coated grating showing
response for SiO ﬁlm thicknesses of 0, 10, 20, and 30 nm. The major
peaks identiﬁed in the ﬁgure are associated with the stretching vibrations
of (#) Si!O!Si and (*) Si!OH. (B) Plot of intensity of Si!O
stretching peak (1100 cm!1) versus ﬁlm thickness.
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optics, such as the nonlinearity of the light source. Nevertheless,
the signiﬁcant features (notably the presence of the SP peak) are
consistent with both results.
To demonstrate the ability to track adsorption/ﬁlm formation
on the gold surface using these diﬀracted peaks, a series of SiO
ﬁlms were coated onto the grating. SiOwas vapor-deposited onto
the grating at thicknesses of 0, 10, 20, and 30 nm, as determined
by a quartz crystal thickness monitor. The composition of the
SiO ﬁlms was conﬁrmed using IRRAS. Features characteristic of
the Si!O!Si stretching vibration (denoted by “#”) were seen
with a sharp peak at ∼1100 cm!1 that increased in magnitude
with increasing ﬁlm thickness (Figure 5A). In addition, a broad,
although rather weak, signature associated with the OH stretch-
ing vibration from Si!OH (denoted by an asterisk) is observed
between 3000 and 3600 cm!1.19 A plot of the intensity of the
Si!O peak at 1100 cm!1 versus ﬁlm thickness shows a clear,
linear trend, which is consistent with a linearly increasing ﬁlm
thickness (Figure 5B).
The impact of the SiO ﬁlms on the optical response of the
gold-coated grating is illustrated in Figure 6. A series of slices
showing the right half of the diﬀraction images from each sample
are shown. The images depict a portion of the diﬀraction image
starting at the zeroth-order peak and including the complete +1-
order peak. The!1 peak looks similar to the +1, but is not shown
for clarity. The transmission depicted by the +1 peak for s-
polarized light shows a broad, shallow band. With increasing SiO
thickness, this band increases in intensity, but it remains ﬁxed in
position. In contrast, the p-polarized light shows two dominant
features in the +1 peak. For the 0 nm SiO sample, the left portion
of the +1 peak is a shallow, broad transmission peak similar to
what is in the s data; however, the right portion of the +1 spot
shows a large peak, which is associated with an enhanced trans-
mission that is caused by the formation of a SP at the gold/air
interface. With the deposition of a SiO ﬁlm, the broad, lower-
wavelength peak increases in magnitude in a fashion similar to
the s-polarized result. In addition, the SPR peak is seen to both
broaden slightly and shift to longer wavelengths as the SiO
thickness increases from 0 to 10, 20, and 30 nm. In the 30 nm
case, the plasmon peak has shifted nearly out of the ﬁeld of view.
A quantitative view of the spectra associated with the +1
diﬀracted peaks in Figure 6 are depicted in Figure 7 after con-
verting the intensity-versus-pixel location to transmittance-ver-
sus-wavelength. As was evident in the diﬀraction images, the
s-polarized light displays a broad transmission peak centered
around 500 nm (denoted as peak 1). With increasing ﬁlm thick-
ness, the magnitude of the transmission peak in this region
increases. This increase in transmission can be most readily
explained by considering the SiO ﬁlm as an antireﬂective coating.
The presence of the SiO ﬁlm on the gold surface reduces
reﬂection at that surface, which serves to increase the amount
of light that is transmitted through and, subsequently, measured
at the detector. The spectra determined for the p-polarized trans-
mission also show an increase in the light transmitted at smaller
wavelengths (peak 1), which is also a result of this antireﬂective
eﬀect. In addition, the spectrum for p-polarized light clearly
shows the strong enhanced transmission peak due to SP reso-
nance at∼700 nm (peak 2) for the 0 nm SiO sample. The 10 nm
SiO sample shows a slight attenuation and broadening of the SPR
transmission peak and a red shift of the peak position. The peak
magnitude continues to decrease, and the peak position red shifts
for the 20 and 30 nm ﬁlms, although the longer wavelength
region of both peaks is truncated by the edge of the image win-
dow (vide supra). Thus, the SPR peak red-shifts with increasing
ﬁlm thickness, just as would be expected. An additional feature
also appears for the 20 and 30 nm SiO ﬁlms. Peak 3 appears as a
shoulder on peak 1 for the 20 nm ﬁlm and then becomes more
clear for the 30 nm ﬁlm. This additional peak is also a SP peak,
although one originating from a second-order diﬀracted peak on
the back side of the grating (the gold/polycarbonate interface).
Figure 6. Diﬀraction images of gold-coated DVD grating using s-polar-
ized (left) and p-polarized (right) light showing 0 and +1 diﬀracted
peaks with samples having SiO thicknesses of 0, 10, 20, and 30 nm.
Figure 7. (A) s-Polarized and (B) p-polarized transmission spectra
from +1-order diﬀraction peak for gold-coated diﬀraction grating at SiO
thicknesses of 0 (solid line), 10 (dashed line), 20 (dotted line), and 30
(dashed!double dotted) nm.
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The sensitivity of this diﬀraction-based approach for SPR
detection of ﬁlm thickness is consistent with other grating-based
SPR detection methods. A quantitative comparison of the peak
shifts in the experimental data show a sensitivity of∼1.4 nm peak
shift/nm ﬁlm thickness for the thinnest SiO layers and an
increasing sensitivity to nearly 5 nm peak shift/nm ﬁlm thickness
for the 30 nm ﬁlm (Figure S4, Supporting Information). This in-
crease in sensitivity (S) is a direct function of the fact that peak
shifts for grating-based SPR sensing are proportional to the wave-
length (S ! λpeak), at which the peaks appear. Thus, longer-
wavelength peak positions have a greater sensitivity and give a
larger wavelength shift for an equivalent change in refractive index.
Details of these sensitivity calculations as well as comparison
of various SPR-based sensing methods have been previously
described.7f,11c
Figure 8 depicts simulation results for the model DVD grating
with SiO ﬁlms of several diﬀerent thicknesses. The directly
transmitted light associated with s-polarized light (transverse
electric, zeroth order: TE0) is shown in Figure 8A. The simula-
tion results are consistent with those obtained experimentally. A
broad peak is observed with a maximum near 500 nm (peak 1).
Increasing the thickness of the SiO layer in the model system
results in an increase in transmission. Again, this increase can be
attributed to an antireﬂective eﬀect associated with the SiO layer,
which increases the transmitted light.
The predicted transmission with p-polarized light (transverse
magnetic zeroth order: TM0) in Figure 8B exhibits two dominant
peaks in the absence of a SiO ﬁlm. The peak at 1 was just
described, and a second peak appears at∼700 nm (peak 2). Peak
2 is an enhanced transmission peak that is due to the excitation of
a SP at the gold/air interface. The location of this peak can be
readily calculated by considering the momentum matching
condition between the wavevector of the SP (ksp) with that of
the incident p-polarized light interacting with the diﬀraction
grating (kgr), as given in eq 3
ksp ¼ 2piλ0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0MεD
ε0M + εD
s
¼ 2pi
λ0
ffiffiffiffiffi
εD
p
sin θ0 +m
2pi
Λ
¼ kgr ð3Þ
where εm0 is the real part of the metal’s dielectric constant, and
εD is the dielectric constant of the neighboring material (air or
polycarbonate). At an incident angle of θ = 0", this equality may
be satisﬁed by several diﬀerent conditions. With a grating pitch of
Λ = 670 nm, for example, the ﬁrst diﬀracted order (m = 1) will
satisfy this momentum matching condition at a gold (εm0 )/air
(εD) interface at λsp∼ 687 nm. As a plasmon peak at the gold/air
interface, its location is impacted by the local dielectric condi-
tions existing at that interface. The presence of a thin ﬁlm will
cause this peak to red shift due to the increasing dielectric con-
stant associated with that layer (increasing eﬀective εD). Indeed,
the calculation supports this red shift in the position of peak 2
after the addition of a thin ﬁlm represented by 10 and 20 nm SiO
layers. The calculated shift in peak position is ∼1.4 nm wave-
length shift per nanometer of ﬁlm at small ﬁlm thicknesses and
increases to almost 6 nm peak shift per nanometer ﬁlm thickness
for the 30 nm ﬁlm, which is consistent with expectations.11c
With the 20 nm SiO ﬁlm, a third peak emerges (peak 3) in the
calculation and appears as a shoulder on peak 1. This is also a SP,
but it is associated with the gold/polycarbonate interface at the
back side of the DVD grating. The position of this peak can be
found by solving eq 3 using the gold/polycarbonate dielectric
constants (εD ∼ 2.5) and m = 2, to give λsp ∼ 581 nm. Another
SP is excited at the gold/polycarbonate interface that is asso-
ciated with the m = (1 or ﬁrst diﬀracted orders. However, this
peak appears at ∼1100 nm, so it is at higher wavelengths than
what is measured in this work.
The predicted values for the ﬁrst-order diﬀracted peak behave
in a manner consistent with what was seen with the experimental
results in that the SP peaks also red shift with increasing ﬁlm
thickness. Figure 8C plots the diﬀraction eﬃciency for the ﬁrst-
order diﬀracted peak for transverse magnetic illumination (TM1).
An intense peak appears at∼700 nm, and this peak shifts toward
longer wavelengths with the addition of thicker SiO ﬁlms. Nota-
bly, a direct comparison between the peak positions and peak
shifts as observed experimentally (see Figure S4 of the Support-
ing Information) show that both the data and modeling results
exhibit a similar peak position and peak shifts for increasing ﬁlm
thicknesses.
It should be noted that the SPs that exist at the back side
(gold/polycarbonate) of the grating sense little of what occurs at
the front side (gold/air) of the grating, since the decay length of
the SP within the gold is ∼25 nm under these conditions. More
extensive analysis of the modeling results allows one to compare
the behavior of peaks appearing at both the back and front side of
the grating, and indeed, they are related. In fact, the appearance of
Figure 8. Calculated transmission spectra for model diﬀraction grating
having SiO ﬁlm thicknesses of 0 (solid line), 10 (dashed line), and 20
(dotted line) nm: (A) TE0 = zeroth-order transverse electric (s-
polarized), (B) TM0 = zeroth-order transverse magnetic (p-polarized),
(C) TM1 = ﬁrst-order transverse magnetic (p-polarized). The peaks
identiﬁed by 1, 2, and 3 are discussed in the text.
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SPs at one side of the grating can often be traced to the passing oﬀ
of an order from the other side of the grating, which creates an
evanescent wave and thus excites a SP. Although this behavior
indicates that SPs form at several diﬀerent conditions at the front
and back side of the grating, because of the short SP decay lengths
within the gold ﬁlm, only those at the gold/air interface show a
signiﬁcant response to thickness changes in a thin ﬁlm forming at
the front side of the grating. More importantly, the peaks from
the gold/air interface are the dominant features in both the
experimental and simulated spectra.
’CONCLUSIONS
Grating-based coupling strategies for surface plasmon reso-
nance sensing represent a simple, yet highly sensitive, method for
tracking adsorption and thin ﬁlm formation. In this work, we
have demonstrated how ﬁlm formation on a grating based upon a
commercial DVD-R can be monitored using a simple optical
microscope setup. In fact, the ability to use a Bertrand lens to
image the diﬀracted spots associated with the grating allows one
to monitor the transmission peaks associated with SPs at the
grating directly with a CCD camera and avoid the use of a spec-
trometer or monochromator. A comparison of the direct and
diﬀracted transmission data with predicted results as obtained by
the RCWA shows a consistency in the behavior of the various
peaks and also allows one to identify the origins of the peaks with
respect to the various reﬂected and transmitted diﬀracted orders
at the back and front sides of the metal surface.
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